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Preface

As sites of action for drugs used to treat schizophrenia and Parkinson’s disease,
dopamine receptors are among the most validated drug targets for neuropsychiatric
disorders. Dopamine receptors are also drug targets or potential targets for other
disorders such as substance abuse, depression, Tourette’s syndrome, and attention
deficit hyperactivity disorder. When chapters were being written for the first edition
of “The Dopamine Receptors,” published in 1997, researchers were still coming to
grips with the discovery of novel dopamine receptor subtypes whose existence had
not been predicted by pharmacological analysis of native tissue. Although we are
still far from a complete understanding of the roles of each of the dopamine receptor
subtypes, the decade since the publication of the first edition has seen the creation
and characterization of mice deficient in each of the subtypes and the development
of increasingly subtype-selective agonists and antagonists. Many of the chapters in
this second edition rely heavily on new knowledge gained from these tools, but the
use of knockout mice and subtype-selective drugs continues to be such a dominant
theme in dopamine receptor research that these topics are also discussed in stand-
alone chapters. The field of G protein-coupled receptors has advanced significantly
since the publication of the first edition, with a model of GPCR signaling based
on linear, compartmentalized pathways having been replaced by a more complex,
richer model in which neurotransmitter effects are mediated by a signalplex com-
posed of numerous signaling proteins, including multiple GPCRs, other types of
receptors, such as ionotropic receptors, accessory and scaffolding proteins, and
effectors. Again, although many chapter topics are affected by this more com-
plex model, key aspects of the model are specifically addressed in new chapters on
dopamine receptor-interacting proteins and on dopamine receptor oligomerization.

My goal has been to produce a book that will serve as a reference work on the
dopamine receptors while also highlighting the areas of research that are most active
today. To achieve this goal, I encouraged contributors to write chapters that set a
broad area of research in its historical context and that look forward to new research
opportunities. I hope that readers will agree with me that the authors have achieved
that goal.

Portland, Oregon Kim A. Neve
March, 2009
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Chapter 1
Historical Overview: Introduction
to the Dopamine Receptors

Philip Seeman

Abstract A long-term search for the mechanism of action of antipsychotic drugs
was motivated by a search for the cause of schizophrenia. The research between
1963 and 1975 led to the discovery of the antipsychotic receptor, now known as
the dopamine D2 receptor, the target for all antipsychotic medications. There are
now five known dopamine receptors, all cloned. Although no appropriate animal
model or brain biomarker exists for schizophrenia, it is known that the many fac-
tors and genes associated with schizophrenia invariably elevate the high-affinity
state of the D2 receptor or D2

High by 100–900% in animals, resulting in dopamine
supersensitivity. These factors include brain lesions; sensitization by amphetamine,
phencyclidine, cocaine, or corticosterone; birth injury; social isolation; and more
than 15 gene deletions in the pathways for the neurotransmission mediated by recep-
tors for glutamate (NMDA), dopamine, GABA, acetylcholine, and norepinephrine.
The elevation of D2

High receptors may be the unifying mechanism for the various
causes of schizophrenia.

Keywords Neuroleptic · Antipsychotic receptor · D2
High receptor · Membrane

stabilization · [3H]haloperidol · Van Rossum hypothesis of schizophrenia ·
Dopamine supersensitivity · [3H]domperidone

1.1 Introduction

The background to dopamine receptors is intimately associated with the history of
antipsychotic drugs. The research in this field started with the development of anti-
histamines after the Second World War, with H. Laborit using these compounds to

P. Seeman (B)
Department of Pharmacology, University of Toronto, Toronto, Ontario, Canada, M5S 1A8
e-mail: philip.seeman@utoronto.ca

This chapter is dedicated to the memory of Hyman Niznik and Hubert H.M. Van Tol, pioneers in
dopamine receptors.

1K.A. Neve (ed.), The Dopamine Receptors, 2nd Edition, The Receptors,
DOI 10.1007/978-1-60327-333-6_1,
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2 P. Seeman

enhance analgesia [1]. In individuals receiving one of these series of medications,
Laborit noticed a “euphoric quietude”; the patients were “calm and somnolent, with
a relaxed and detached expression.” Compound 4560 (now named chlorpromazine)
was the most potent of the Rhone Poulenc compounds in the series.

Chlorpromazine was soon tested by many French physicians for various diseases.
While Sigwald and Bouttier [2] were the first to use chlorpromazine as the only
medication for a psychotic individual, they did not report their observations until
1953. The 1952 report by Delay et al. [3] showed that within 3 days [4, 5] chlor-
promazine reduced hallucinations and stopped internal “voices” in eight patients, a
significantly dramatic finding.

With the “neuroleptic” or antipsychotic action of chlorpromazine capturing the
attention of the psychiatric community, the specific target of action for chlorpro-
mazine became a research objective for basic scientists. The working assumption
then, and still is the case now, was that the discovery of such a target might
open the pathway to uncovering the biochemical cause of psychosis and possibly
schizophrenia.

1.2 Membrane Stabilization by Antipsychotics

With the introduction of chlorpromazine to psychotic patients in state and provin-
cial hospitals in North America in the late 1950s and early 1960s, the number
of patients hospitalized with schizophrenia became markedly reduced. The basic
science premise gradually emerged – if the target sites for antipsychotics could be
found, then perhaps these sites were overactive in psychosis or schizophrenia. In
the 1960s, however, no one agreed on what schizophrenia was. Inclusion criteria
varied so much that it was impossible to decide which patients to study, let alone
what to study. But everyone agreed that chlorpromazine and the many other new
antipsychotic drugs, most of which were phenothiazines, alleviated the symptoms
of schizophrenia, however defined.

But where in the nervous system does one start to look for an antipsychotic
target? Moreover, were there many types of antipsychotic targets to identify?

With the advent of the electron microscope, the 1960s was an active decade of
discovery of subcellular particles and cell membranes. In those days, therefore,
it seemed reasonable to start by examining the actions of antipsychotics on cell
membranes. In particular, did antipsychotics readily locate to cell surfaces and cell
membranes and thereby alter membrane structure and function? Did antipsychotics
target mitochondria, the structure of which was being rapidly revealed by electron
microscopy?

In my own research in 1963, it was important to determine whether antipsy-
chotics permeated cell membranes and whether the drugs were membrane active.
I started with an artificial lipid film floating on water, and measured the film pres-
sure with a 1 cm square of sand-blasted aluminum hanging into the bath (Wilhelmy
method; [6]). Upon the addition of an antipsychotic to the water below the film, the
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aluminum plate immediately rose, showing that the film pressure had been altered
by the antipsychotic. This indicated that the antipsychotic molecules had entered
into the single layer of lipid molecules floating on the water surface, expanding the
intermolecular spaces between the lipid molecules. Therefore, could it be that cell
membrane lipids were targets for antipsychotics?

To my surprise, however, when I omitted the lipid molecules, the addition of the
antipsychotic still altered the surface pressure of the water surface. In other words,
I had accidentally discovered that antipsychotics were surface active [7].

These surface-active potencies showed an excellent correlation with clinical
antipsychotic potencies. However, I later realized that the antipsychotic concentra-
tions were all in the micromolar range, a concentration subsequently found to be far
in excess of that which was clinically effective in the plasma water or spinal fluid in
patients taking antipsychotic medications.

Although all the antipsychotics were surface active and readily acted on arti-
ficial lipid films, it was essential to determine whether antipsychotics had similar
membrane actions on human red blood cell membranes. In fact, this did occur, and
it was found that low concentrations of antipsychotics readily expanded red blood
cell membranes by ∼0.1–1% and, in doing so, exerted an anti-hemolytic action
by allowing the cells to become slightly larger and stabilized before hemolysis
occurred [8–11].

This membrane stabilization by antipsychotics was also associated with electrical
stabilization of the membrane. That is, it soon became clear that the antipsychotics
were potent anesthetics, blocking nerve impulses at antipsychotic concentrations of
between 20 nM and 1,000 nM (Fig. 1.1, top correlation line) [10, 12]. However,
here too, these membrane-stabilizing concentrations were still in excess of those
found clinically in the spinal fluid of treated patients (see following section). The
driving criterion throughout this research was to find a target that was sensitive to
the antipsychotic concentrations found in the spinal fluid of psychotic patients on
maintenance doses of antipsychotic medications.

1.3 Therapeutic Concentrations of Antipsychotics

Although antipsychotics stabilize a variety of cellular and subcellular membranes
[10], these antipsychotic concentrations are generally between 20 nM and 100 nM.
The therapeutic molarities, however, were not known until the data on haloperi-
dol were analyzed. In the case of haloperidol, for example, only 8% of haloperidol
was free and not bound to plasma proteins [13]. Therefore, the active free con-
centration of haloperidol in the patient plasma water or in the spinal fluid would
be between 1 nM and 2 nM [14, 15, 16]. Based on the standard pharmacolog-
ical principle that the non-protonated form of tertiary amines readily permeates
cell membranes [8], this concentration in the aqueous phase in the plasma is
expected to be identical to the aqueous concentration of haloperidol in the spinal
fluid.
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Fig. 1.1 All antipsychotic drugs inhibit the binding of [3H]haloperidol to dopamine D2 receptors
(in calf striatal homogenate) in direct relation to the clinical antipsychotic potencies (lower line)
[17,18,20]. The upper line indicates that antipsychotics also block the stimulated release of
[3H]dopamine (from rat striatal slices) at concentrations which correlate with their clinical poten-
cies [12]; however, the antipsychotic concentrations required for this presynaptic action are much
higher than those that inhibit [3H]haloperidol binding to the D2 receptors (lower line) or those
which are found in the spinal fluid of patients being treated with antipsychotics [14] (re-drawn and
adapted from [82] with permission)

1.4 Discovery of the Antipsychotic Dopamine Receptor

These latter calculations were critical for the discovery of the antipsychotic
dopamine receptor [17, 18, 19]. That is, in order to detect or label a receptor
with a dissociation constant of ∼1 nM for radioactive haloperidol, the specific
activity of [3H]haloperidol would have to be at least 10 Ci/mmol. However, the
[3H]haloperidol samples from Janssen Pharmaceutica (Belgium) kindly provided to
the author’s laboratory by Dr. J.J.P. Heykants in 1971 and by Dr. Jo Brugmans in
1972 had a specific activity of only 0.032–0.071 Ci/mmol, too low to detect specific
binding for a site with an expected dissociation constant of ∼1 nM. Although New
England Nuclear Corp. (Boston, MA) custom tritiated haloperidol for the author’s
laboratory, the specific activity was only ∼0.1 Ci/mmol.
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Finally, after my extensive correspondence with Dr. Paul A.J. Janssen and
Dr. J. Heykants, they asked I.R.E. Belgique (National Institut Voor Radio-
Elementen, Fleurus, Belgium; Mr. M. Winand) to custom synthesize
[3H]haloperidol for the author’s laboratory. I.R.E. Belgique soon thereafter
provided us with relatively high specific activity [3H]haloperidol (10.5 Ci/mmol)
by June 1974.

This [3H]haloperidol readily enabled us to detect the specific binding of
[3H]haloperidol to brain striatal tissue. Our laboratory submitted an abstract describ-
ing this to the Society for Neuroscience before the annual May 1975 deadline [17].
This report listed the following important IC50 values to inhibit the binding of
[3H]haloperidol: 2 nM for haloperidol, 20 nM for chlorpromazine, 3 nM for (+)buta-
clamol, and 10,000 nM for (–)butaclamol. The stereoselective action of butaclamol
and the good correlation between the IC50 values and the clinical doses indicated
that we had successfully identified the antipsychotic receptor. Moreover, of all the
endogenous compounds tested, dopamine was the most potent in inhibiting the
binding of [3H]haloperidol, thus indicating that the antipsychotic receptor was a
dopamine receptor.

The data of Seeman et al. [17] were confirmed by more extensive publications
[18, 20, 21, 22], showing a clear correlation between the clinical potencies and the
antipsychotic dissociation constants (Fig. 1.1, bottom correlation line).

At the CINP (Collegium Internationale Neuro-Psychopharmacologicum)
meeting held in Paris in July 1975, during the evening courtyard reception at the City
Hall of Paris, I rushed up to Dr. Paul Janssen and showed him the chart correlating
the average clinical antipsychotic doses with the in vitro antipsychotic potencies.
He laughed and said that averaging the clinical doses for each antipsychotic was
like averaging all the religions of the world. Nevertheless, the correlation remains a
cornerstone of the dopamine hypothesis of schizophrenia, still the major contender
for an explanatory theory of schizophrenia causation.

1.5 Nomenclature of Dopamine Receptors

The receptor labeled by [3H]haloperidol was later named the D2 receptor [23].
It is important to note that the data for the binding of [3H]haloperidol identify-
ing the antipsychotic receptor [17, 18] differed from the pattern of [3H]dopamine
binding described by Burt et al. [24] and Snyder et al. [25]. For example, the
binding of [3H]haloperidol was inhibited by ∼10,000 nM dopamine, while that
of [3H]dopamine was inhibited by ∼7 nM dopamine. For several years, this latter
[3H]dopamine binding site was termed the “D3 site” [26, 27], a term which is not to
be confused with the discovery of the D3 dopamine receptor [28]. As summarized
in Table 1.1, there are now five different dopamine receptors that have been cloned.

At the same 1975 CINP meeting where I showed the correlation chart to
Dr. Janssen, I happened to meet Dr. Sol Snyder in the lobby of the convention
hotel and told him that I had custom prepared [3H]haloperidol and that it was now
available. The pattern of [3H]haloperidol binding later published by Snyder et al.
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[25] and by Burt et al. [24] agreed with my findings. The paper by Snyder et al.
[25] kindly cited my paper of November, 1975, describing the [3H]haloperidol-
labeled antipsychotic receptor [18]. In addition, the publication of Burt et al. [24]
kindly acknowledged the receipt of the drug samples of (+)- and (–)-butaclamol
from our laboratory so that they could demonstrate stereoselective binding of
[3H]haloperidol.

Table 1.1 Key findings related to dopamine receptors

Year
Key findings related to
dopamine receptors Authors References

1952 Analgesia and “euphoric
quietude” with RP 4560

Laborit (Lacomme et al.) [1]

1952–1953 Chlorpromazine (RP 4560)
has effective antipsychotic
action

Delay et al.; Sigwald and
Bouttier

[2, 3]

1960 Very low amount of
dopamine in Parkinson’s
diseased brain

Ehringer and Hornykiewicz [29]

1963 Two antipsychotics increase
normetanephrine and
methoxytyramine

Carlsson and Lindqvist [30]

1964 Three antipsychotics
increase HVA and DOPAC;
elimination delayed?

Andén et al. [31]

1965 Dopamine can excite or
inhibit neurons

Bloom et al. [83]

1966 Dopamine hypothesis of
schizophrenia outlined

Van Rossum [33]

1971 Dopamine stimulates
adenylate cyclase

Kebabian and Greengard [38]

1971 Haloperidol measured in
patient’s plasma (see 1977
below)

Zingales et al. [15]

1974 2.5 nM haloperidol blocks
tritiated dopamine
receptors

Seeman et al. [19]

1974 Haloperidol blocks
excitation in Helix

Struyker Boudier et al. [84]

1975 Tritiated haloperidol labels
dopamine receptors

Seeman et al. [17, 18]

1975 Antipsychotic doses
correlate with blockade of
dopamine receptors

Seeman et al. [18, 20]

1976 Sulpiride resolves two
dopamine sites; no effect
on adenylate cyclase

Roufogalis et al. [42]

1976 Two dopamine receptors
proposed: inhibitory and
excitatory

Cools; Van Rossum [35]
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Table 1.1 (continued)

Year
Key findings related to
dopamine receptors Authors References

1977 Dopamine stimulates
adenylate cyclase in
parathyroid

Brown et al. [39]

1977 92% of plasma haloperidol
bound, indicating 2 nM
free in water

Forsman and Öhman [13]

1978 Two dopamine receptors:
coupled and uncoupled to
adenylate cyclase

Spano et al.; Garau et al. [36, 37]

1978 Presynaptic action of
apomorphine reduces
release of dopamine

Starke et al. [53]

1978 Elevated D2 in postmortem
schizophrenia brain

Lee et al. [59]

1979 Names of D1 and D2 used Kebabian and Calne [23]
1979 Dopamine inhibits adenylate

cyclase in ant pituitary
De Camilli et al. [43]

1983 Identical antipsychotic Ki
values at striatum and
limbic D2 receptors

Seeman and Ulpian [85]

1984 Kd values of D2 ligands
depend on final tissue
concentration

Seeman et al. [56]

1984 D2
High and D2Low affinity

states of D2 receptors
Wreggett and Seeman [55]

1985 D2
High is functional state of

D2
McDonald et al.; George

et al.
[51, 52]

1986 Elevated D2 measured in
living schizophrenia
patients

Wong et al. [68]

1986 Labeling of D2 receptors in
living humans by positron
emission tomography

Farde et al. [86]

1988 Antipsychotics occupy
60–80% of D2 in living
schizophrenia patients

Farde et al. [70]

1988–1989 Cloning of the rat D2Short
and D2Long receptors

Bunzow et al.; Giros et al. [46, 48]

1989 Cloning of the human D2Short
and D2Long receptors

Grandy et al. [47]

1989 90% of D2 receptors are in
D2

High state in brain slices
Richfield et al. [54]

1989 Endogenous dopamine
lowers radio-raclopride
binding; relevant to PET

Seeman et al. [81]

1990–1991 Dopamine D1 and D5
receptors cloned

Sunahara; Zhou et al. [40,41,87]
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Table 1.1 (continued)

Year
Key findings related to
dopamine receptors Authors References

1990 Dopamine D3 receptor
cloned

Sokoloff et al. [28]

1991 Dopamine D4 receptor
cloned

Van Tol et al. [50]

1992 Block of D2 >80% by
antipsychotics associated
with Parkinsonism

Farde et al. [69]

1992 Synaptic dopamine at rest is
∼2 nM, ∼100–200 nM
during firing

Kawagoe et al. [88]

1995 Drug Ki depends on fat
solubility of ligand

Seeman and Van Tol [57]

1996 Amphetamine-induced
release of dopamine is
higher in schizophrenia

Laruelle et al. [80]

1998 D2Short receptors located
mostly in nigral neurones

Khan et al. [89]

1999 Therapeutic doses of
antipsychotics block
60–80% D2

Kapur et al. [71]

1999 Isoleucine at position 154 in
D2 causes myoclonus
dystonia

Klein et al. [90]

1999 Rapid release of clozapine
and quetiapine from D2
receptors

Seeman et al. [74]

2000 New D2Longer receptor Seeman et al. [49]
2003 Antipsychotics occupy more

D2 in limbic areas than
striatum

Bressan et al. [75]

2005 Dopamine supersensitivity
correlates with elevated
D2

High states

Seeman et al. [91]

2005 Dopamine receptor
contribution to action of
PCP, LSD, and ketamine

Seeman et al. [92]

2005 Higher D2 density in healthy
identical twins of
schizophrenia patients

Hirvonen et al. [66]

2006 Markedly elevated D2
High

receptors in all animal
models of psychosis

Seeman et al. [93, 94]

1.6 Antipsychotic Accelerated Turnover of Dopamine

In 1960 Ehringer and Hornykiewicz [29] discovered that the content of dopamine
was extremely low in the postmortem brains of patients who died with Parkinson’s
disease. This discovery immediately suggested that the well-known Parkinsonism
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caused by antipsychotics was probably associated in some way with interference
of dopamine neurotransmission by the antipsychotics. However, there were many
possible molecular modes of interference, including presynaptic and postsynaptic
mechanisms.

The finding of Ehringer and Hornykiewicz naturally stimulated brain research
on dopamine. Carlsson and Lindqvist [30] soon reported that chlorpromazine and
haloperidol increased the production of normetanephrine and methoxytyramine,
metabolites of epinephrine and dopamine, respectively. To explain the increased
production of these metabolites, these authors suggested that “the most likely
[mechanism] appears to be that chlorpromazine and haloperidol block monoamin-
ergic receptors in brain; as is well known, they block the effects of accumulated
5-hydroxytryptamine . . . .”

In other words, these authors proposed that antipsychotics blocked all three
types of receptors for noradrenaline, dopamine, and serotonin, but they did not
identify which receptor was selectively blocked or how to identify or test any of
these receptors directly in vitro. The paper by Carlsson and Lindqvist [30] is often
mistakenly cited as discovering the principle that antipsychotic drugs selectively
block dopamine receptors. A year later, even the students of the Carlsson laboratory,
Andén et al. [31], limited their speculation to proposing that “chlorpromazine and
haloperidol delays the elimination of the (metabolites). . .,” a hypothesis no longer
held. Moreover, even after 7 years, although Andén et al. [32] reported that antipsy-
chotics increased the turnover of both dopamine and noradrenaline, they could
not show that the antipsychotics were selective in blocking dopamine; for exam-
ple, chlorpromazine enhanced the turnover of noradrenaline and dopamine equally.
Therefore, it remained for in vitro radioreceptor assays to detect the dopamine
receptor directly and to demonstrate antipsychotic selectivity for the dopamine
receptor.

In fact, when the antipsychotic dopamine receptor was discovered [18, 20], there
was a peak surge in the rate of citations of the paper by Carlsson and Lindqvist
[30], a peak stimulated by the actual discovery of the dopamine receptor method,
as shown in Fig. 1.2. This figure also shows that there was approximately a
12-year interval between the onset of dopamine research and the research on
dopamine receptors, indicating that the two fields were stimulated by separate
developments.

1.7 The Dopamine Hypothesis of Schizophrenia, and Dopamine
Receptors in the Human Brain

As already noted, the paper by Carlsson and Lindqvist [30] is often mistakenly cited
as the origin of the dopamine hypothesis of schizophrenia. However, the dopamine
hypothesis of schizophrenia was first outlined in 1967 by Van Rossum [33] (see
[34]) as follows:

“The hypothesis that neuroleptic drugs may act by blocking dopamine recep-
tors in the brain has been substantiated by preliminary experiments with a few
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Fig. 1.2 Top: Annual number of publications on “dopamine” and on “dopamine receptors,” as
listed by PubMed online. Dopamine was found in brain tissue by Montagu [95] in Weil-Malherbe’s
laboratory [96, 97] and by Carlsson et al. [98]. There is a 12-year interval between the two
sets of publications, suggesting that the two onsets of publications were stimulated by sepa-
rate other publications. Bottom: Annual rate of citations (Web of Science, Thomson Scientific,
Philadelphia, PA) of the article by Carlsson and Lindqvist [30], describing the increased produc-
tion of normetanephrine and methoxytyramine by chlorpromazine or haloperidol. The citation rate
of this 1963 article peaked in 1975 when the dopamine receptors were discovered [17, 18, 19]
(from [82] with permission)

selective and potent neuroleptic drugs. There is an urgent need for a simple isolated
tissue that selectively responds to dopamine so that less specific neuroleptic drugs
can also be studied and the hypothesis further tested. . . . When the hypothesis of
dopamine blockade by neuroleptic agents can be further substantiated it may have
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fargoing consequences for the pathophysiology of schizophrenia. Over-stimulation
of dopamine receptors could then be part of the etiology.”

With the discovery of the antipsychotic dopamine receptor in vitro, it became
possible to measure the densities and properties of these receptors directly not
only in animal brain tissues but also in the postmortem human brain and, at a
later time, in living humans by means of positron emission tomography. Many, but
not all, of these findings directly or indirectly support the dopamine hypothesis of
schizophrenia.

1.8 Key Advances Related to Dopamine Receptors

Many of the significant advances in dopamine receptors and the dopamine hypoth-
esis of psychosis or schizophrenia are listed in Table 1.1. Between 1976 and
1979, it became clear that there were two main groups of dopamine receptors,
D1 and D2 [23, 35, 36, 37]. The D1-like group of receptors were associated with
dopamine-stimulated adenylate cyclase [38, 39], but were not selectively labeled by
[3H]haloperidol. The antipsychotic potencies at these D1 receptors did not correlate
with clinical antipsychotic potency [26]. The D1-like receptors now consist of the
cloned D1 and D5 receptors [40, 41].

The D2-like receptors did not stimulate adenylate cyclase and are now known to
inhibit adenylate cyclase [42, 36, 37, 43, 44, 45]. The D2-like group now includes
the cloned D2Short [46, 47], D2Long [48], D2Longer [49], D3 [28], and D4 dopamine
receptors [50].

Moreover, each of these receptors has a state of high affinity and a state of low
affinity for dopamine, with D2

High being the functional state in the anterior pituitary
[51, 52], in nigral dopamine terminals (presynaptic receptors [53]), and presumably
in the nervous system itself. Although this latter point has not been unequivocably
established, Richfield et al. [54] have found that 90% of the D2 receptors in brain
slices are in the D2

High state. The D2
High state can be quickly converted into the

D2Low state by guanine nucleotide [55].
The differences in findings on dopamine receptors between laboratories are

explained by technically different methods and ligands. For example, the disso-
ciation constant of a ligand at the D2 receptor can vary enormously, depending
on the final concentration of the tissue [56]. Moreover, fat-soluble ligands, such
as [125I]iodosulpride, [3H]nemonapride, and [3H]spiperone, invariably yield higher
dissociation constants than less fat-soluble ligands (such as [3H]raclopride) for
competing drugs [21, 57]. This technical effect also occurs with positron emission
tomography ligands [58].

Although the density of D2 receptors in postmortem human schizophrenia tis-
sues is elevated [26, 59, 60–62], some of this elevation may have resulted from the
antipsychotic administered during the lifetime of the patient. An example of this
elevation is shown in Fig. 1.3, where it may be seen that the postmortem tissues
from half of the patients who died with schizophrenia revealed elevated densities of
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Fig. 1.3 Elevation of
dopamine D2 receptors in
postmortem caudate–putamen
tissues from patients who had
died with schizophrenia. Each
box indicates the D2 density
measured by saturation
analysis with [3H]spiperone
(Scatchard method for Bmax;
centrifugation method) [62].
The D2 densities in the
postmortem striata from
schizophrenia patients exhibit
a bimodal pattern, with half
the values being two or three
times the normal density.
Most of the schizophrenia
patients had been treated with
antipsychotics during their
lifetime. Although the
Alzheimer patient tissues also
revealed a small elevation of
D2 densities, the magnitude
and pattern were different
than that for schizophrenia
(re-drawn and adapted from
[82] with permission)

[3H]spiperone-labeled D2-like receptors in the caudate–putamen tissue. The other
half of the postmortem schizophrenia tissues were normal in D2 density even though
most of the patients were known to have also been treated with antipsychotics during
their lifetime.

It is often surprising to encounter people who are resistant to advances in science.
For example, I vividly recall one British psychiatrist standing up and shouting at me
from the audience: “Post-mortem dopamine receptors? Do you actually expect me to
believe that these dead receptors come to life and bind your radioactive material?”
I answered that the same type of question was raised a century ago when people
seriously questioned whether ferments could be isolated and still have activity, but
that we can now buy crystallized enzymes for a few dollars and that these ferments
are fully active. And, of course, thanks to many of the contributors to the present
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book on “The Dopamine Receptors,” one can now purchase frozen clones of the
five different dopamine receptors.

1.9 Is D2
High the Unifying Mechanism for Schizophrenia?

Throughout the years between 1963 and the present, the overall strategy has been to
identify the main target of antipsychotic medications and then to determine whether
these antipsychotic targets are overactive in schizophrenia or in animal models of
psychosis. Has this strategy worked? The answer is yes. First, the primary target for
antipsychotics, the dopamine D2 receptor, has been identified, and, second, many
avenues indicate that D2

High (the high-affinity state of the D2 receptor) may be the
unifying mechanism for schizophrenia.

In particular, the following facts on dopamine receptors validate the 45-year
search for a basic unifying mechanism for schizophrenia:

1. All antipsychotic drugs, including the newer dopamine partial agonists such
as aripiprazole [22] or OSU 6162 [63], block dopamine D2 receptors in direct
relation to their clinical potency. Even the glutamate-type antipsychotic [64]
has a significant dopamine partial agonist action on D2 receptors [65].

2. The brain imaging by Hirvonen et al. [66] shows that the D2 density is ele-
vated in healthy identical co-twins of patients who have schizophrenia. This
finding suggests that the elevation of D2 receptors is necessary for psychosis.
At the same time, however, the findings of Hirvonen et al. also illustrate that
in addition to elevated D2 receptors there is likely another factor precipitat-
ing the psychotic symptoms. This additional factor may well be that a certain
proportion of D2 receptors must convert into the high-affinity state.
At the same time, the elevation of D2 is becoming recognized as a
valuable biomarker for prognosis and outcome in first-episode psychosis
[67]. Earlier work had shown that the density of D2 receptors labeled by
[11C]methylspiperone was elevated in drug-naive schizophrenia patients [68].
However, no such elevation of D2 receptors was found in schizophrenia patients
when [11C]raclopride was used (Refs in [69]).

3. It has been consistently found that psychotic symptoms are alleviated when
65% to 75% of the brain D2 receptors (as measured in the striatum) are occu-
pied by antipsychotics [70, 69]. It is now considered unlikely that the blockade
of serotonin-2 receptors assists in alleviating psychosis and affecting D2 occu-
pancy [71, 72, 73]. The antipsychotic occupancy of D2 may or may not be
higher in limbic regions [21, 74, 75, 76, 77].

4. In contrast to traditional antipsychotics such as chlorpromazine and haloperi-
dol that can elicit Parkinsonism, clozapine and quetiapine do not produce
Parkinsonism, consistent with the fact that clozapine and quetiapine dissociate
rapidly from the D2 receptor [21].

5. The psychotic symptoms in schizophrenia increase or intensify when the indi-
vidual is challenged with psychostimulants at doses that have little effect in
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control subjects. As reviewed by Lieberman et al. [78], 74–78% of patients
with schizophrenia become worse with new or intensified psychotic symptoms
after being given amphetamine or methylphenidate. Psychotic symptoms can
also be elicited in this way in control subjects, but only in 0–26%.

6. In a meta-analysis of 27 studies (3,707 schizophrenia patients and 5,363
control subjects), Glatt and Jönsson [79] have found that the Ser311Cys poly-
morphism in the D2 receptor was significantly associated with schizophrenia
(P = 0.002–0.007), indicating that this polymorphism in D2 may contribute a
significant and reliable risk for the illness.

7. Amphetamine-induced release of endogenous dopamine in humans is a possible
marker of psychosis [80], using the principle worked out in animals [81].

8. Although no appropriate animal model or brain biomarker exists for
schizophrenia, it is known that the many factors and genes associated with
schizophrenia invariably elevate dopamine D2

High receptors by 100–900% in
animals, resulting in dopamine supersensitivity. These factors include brain
lesions; sensitization by amphetamine, phencyclidine, cocaine, or corticos-
terone; birth injury; social isolation; and more than 15 gene deletions in
the pathways for the neurotransmission mediated by receptors for glutamate
(NMDA), dopamine, GABA, acetylcholine, and norepinephrine. A list of these
psychosis-precipitating factors is given in Table 1.2, along with the magnitude
of the elevations that these factors elicit in the proportion of D2

High receptors in
the striata of mice or rats. The total density of D2 generally does not change.

Table 1.2 Increase in D2
High receptors in dopamine supersensitive animal models for psychosis

Percentage of increase
in proportion of D2

High Treatment References

Sensitization by
250% Amphetamine [93, 94]
180% Phencyclidine [91]
160% Cocaine [99]
125% Caffeine [100]
50% Quinpirole [94]
210% Corticosterone [91]

Lesions of
270% Neonatal hippocampus [91]
160% Neonatal hippocampus [94]
130% Cholinergic lesion in cortex [94]
100% Entorhinal hippocampus [101]

Knockout of gene for
200–900% D4 receptor [91]
60–340% GRK6 [91, 94]
232% Alpha-Adrenoceptor-1b [102]
225% GABAB1 H. Mohler and

P. Seeman
(unpublished)

200% Dopamine-beta-hydroxylase [91, 94]
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Table 1.2 (continued)

Percentage of increase
in proportion of D2

High Treatment References

160% Trace amine-1 receptor [103]
135% RGS9-2 [91, 94]
133% Nurr77 L.E. Trudeau,

P. Seeman
(unpublished)

129% Postsynaptic density 95 J.-M. Beaulieu,
P. Seeman
(unpublished)

120% Tyrosine hydroxylase (no
dopamine)

[91]

90% COMT [91]
60–80% Vesicular monoamine

transporter
[104]

48% RII beta (protein kinase A) [91, 94]
39% Dopamine transporter [104]

Other
130–460% Cesarian birth with anoxia

(rat)
[91, 94]

228% Rats socially isolated from
birth

[105]

100% Reserpine-treated rats [91, 94]
Animals not showing

supersensitivity

–7% Dopamine D1 receptor
knockout mice

[91, 94]

19% Glycogen synthase kinase 3
knockout mice

[91, 94]

–75% Adenosine A2A receptor
knockout mice

[91, 94]

20% mGluR5 knockout mice [91, 94]

Abbreviations: COMT, catechol-O-methyl transferase; GABAB1, the B1 subtype of G protein-
coupled receptors for GABA; GRK6, G protein-coupled receptor kinase 6; mGluR5, metabotropic
glutamate receptor 5; Nurr77, orphan nuclear receptor 77; RII beta, the IIβ form of the regulatory
subunit of cyclic AMP-dependent protein kinase; RGS9-2, regulator of G protein signaling 9-2

Because antipsychotic drugs directly block D2 receptors, it is not surprising
that antipsychotics also cause an increase in the proportion of D2

High receptors. In
fact, it has long been known that administration of antipsychotic drugs can induce
dopamine supersensitivity and antipsychotic tolerance in animals. These effects are
also found in humans and presumably are the basis for supersensitivity psychosis or
rebound psychosis upon drug withdrawal. Although D2

High receptors become ele-
vated after long-term antipsychotics, these elevated D2

High states readily reverse,
unlike the essentially permanently elevated D2

High states in the other animal models
of psychosis mentioned above.
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The strategy, the objective, and the questions on dopamine receptors still remain.
What is the molecular pathway for antipsychotic action via the dopamine receptors?
Are any of these steps specifically altered in schizophrenia? What is the intracellular
biochemical mechanism of converting D2Low into D2

High?
At present, the most promising direction in this field is to examine the molecular

basis of dopamine supersensitivity, because up to 70% of patients are supersensi-
tive to either methylphenidate or amphetamine at doses that do not affect control
humans. Moreover, as shown in Table 1.2, a wide variety of brain alterations
(lesions, drug treatment, receptor knockouts) all lead to the final common target
of elevated proportions of D2 receptors in the D2

High state. Therefore, the molecu-
lar control of the high-affinity state of D2 is emerging as a central problem in this
field. At present, there is uncertainty as to whether this high-affinity state of D2 is
controlled through Go or one of the Gi proteins, because this varies from cell to cell.

It is currently proposed that there are multiple pathways in the various types
of psychosis that all converge to elevate the D2

High state in specific brain regions
and that this elevation elicits psychosis. This proposition is supported by the
dopamine supersensitivity that is a common feature of schizophrenia and that also
occurs in many types of genetically altered, drug-altered, and lesion-altered animals.
Dopamine supersensitivity, in turn, correlates with D2

High states. The finding that all
antipsychotics, traditional and recent ones, act on D2 receptors further supports the
proposition.

Altogether, the dawn of the neurotransmitter era has proven to be an exciting
chapter in neuropsychopharmacology. The art of psychiatry is becoming a science.
It has been a privilege to participate in these developments. I thank my fellow
students for making it possible.
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Chapter 2
Gene and Promoter Structures of the Dopamine
Receptors

Ursula M. D’Souza

Abstract The dopamine receptors have been classified into two groups, the D1-
like and D2-like dopamine receptors, respectively, based on molecular biology and
pharmacological studies. The D1-like dopamine receptors comprise the D1 and
D5 dopamine receptors and the D2-like dopamine receptors include the D2, D3
and D4 dopamine receptors. The gene structures of these two classes of recep-
tors are dissimilar with respect to the organization of their coding and regulatory
regions. First, the D2-like dopamine receptor genes have revealed the presence of
coding exons separated by introns whereas the D1-like dopamine receptor genes
consist of a single exon and thus are intronless. Second, examination of the 5′-
regulatory regions reveals the presence of non-coding exon(s) several kilobases
upstream from their coding exons in the D2 and D3 dopamine receptor genes, while
regulatory regions of the D1-like dopamine receptor genes have only one non-
coding exon that is separated by a small intron from the coding exon. However,
in general, characterization of the 5′-flanking regions of the dopamine receptor
genes demonstrates that they lack TATA boxes or CCAAT boxes, are GC rich
and have several consensus binding sites for the transcription factor Sp1. The
regulatory region of the D2 dopamine receptor gene is similar to that in the D3
dopamine receptor gene as they both contain an initiator-like element suggesting
transcription initiation from this position and are under strong negative regulation
in mammalian cell cultures. Furthermore, amongst the dopamine receptor genes,
the 5′-flanking regions of the D3 and D5 dopamine receptors have much lower GC
content than those in the D1, D2 and D4 dopamine receptor genes. Nevertheless,
overall, the promoter regions of all the dopamine receptor genes are regulated in a
cell-specific manner, including the additional promoter of the D1 dopamine receptor
gene located within intron 1. There are several studies that have identified tran-
scription factors (DNA binding proteins) that regulate the dopamine receptor genes,
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with more experimental data generated for D1 and D2 compared to the D3, D4
and D5 genes. Therefore, all the evidence suggests that the genes encoding the
dopamine receptor subtypes have diverse transcriptional regulation mechanisms that
result in cell-specific expression patterns that are coupled with different molecular
functions.

Keywords Dopamine receptors · Promoters · Transcriptional regulation · Gene
structure

2.1 Dopamine Receptors

Dopamine is a catecholamine neurotransmitter that mediates several important
physiological functions in both the central and peripheral nervous system. In
the brain, it plays a major role in the control of motor function, reward, emo-
tional expression, neuroendocrine release and behavioural homeostasis. Dopamine
induces cellular and biochemical effects by interacting with its cell surface recep-
tors [1, 2]. These receptors belong to the superfamily of G protein-coupled receptors
having seven transmembrane domains and were first classified in the 1970s based
primarily on pharmacological and biochemical studies, which included the rank
order of receptor agonist and antagonist affinities [3], and the ability of dopamine
to stimulate cAMP formation, by the activation of adenylyl cyclase in the cen-
tral nervous system [4]. Later on in the 1980s four distinct dopamine receptor
subtypes termed D1, D2, D3 and D4 were proposed on the basis of radioligand
binding studies [5, 6]. However, this terminology was soon abandoned when the
proposed D3 and D4 dopamine receptors were realized to be high-affinity states
of the D1 and D2 dopamine receptors, respectively. In the 1990s, modification
of this dopamine receptor classification was necessary after the development of
molecular biology experimental techniques such as PCR cloning which revealed
a much larger number of dopamine receptors than originally postulated (see [7]
for a review). The current nomenclature for dopamine receptors is based on their
structure, pharmacological specificity and effector responses. Consequently, the
studies have divided the dopamine receptors into two groups called the D1-like
and the D2-like dopamine receptors. The D1-like dopamine receptor group is
composed of the D1 and D5 dopamine receptors, sometimes also referred to as
D1A and D1B dopamine receptors, respectively. The D2-like dopamine receptors
are the D2, D3 and D4 dopamine receptors which include the two D2 dopamine
receptor isoforms, the different isoforms of D3 and the polymorphic forms of
the D4 dopamine receptors. Molecular cloning of the dopamine receptor genes
paved the way for the characterization of their 5′-flanking and promoter regions
to understand their transcriptional control. This information further enabled the
identification of key polymorphisms (single nucleotide and tandem repeats) within
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these regulatory regions which have been found to be associated with several neu-
ropsychiatric and behavioural disorders. Interestingly, these genetic variants within
the regulatory regions of the dopamine receptor genes have been found to have
functional effects at a molecular and cellular level (reviewed in [8–11]). Thus this
provides plausible molecular mechanisms underlying the aetiology of psychiatric
phenotypes.

This chapter will describe the gene and promoter structures of the dopamine
receptors under subheadings of the D1-like and D2-like dopamine receptor genes.
The section on the D1-like dopamine receptor genes will be divided into D1 and
D5 dopamine receptor genes. Similarly, the subdivision on the D2-like dopamine
receptor genes will be separated into the D2, D3 and D4 dopamine receptor genes.
Every section for each gene will be further divided into two parts: one focusing on
the topic of gene structure and organization and the other concentrating on the regu-
latory and promoter regions. All this information has been summarized in Table 2.1
and should be referred for the overall description of each of the dopamine receptor

subtypes. However, specific details can be obtained from original references that
have been cited in each section.

The themes of transcriptional gene regulation and gene expression have been
described concisely in several reports [12–17]. More recently, several other levels
of gene regulation are currently being studied and include RNA interference which
is important in gene silencing [18] and non-coding RNA (ncRNA) that comprise a
hidden layer of internal signals that control various levels of gene expression [19,
20]. These non-coding RNAs include rRNA and tRNA involved in mRNA trans-
lation, small nuclear RNA (snRNA) implicated in splicing, small nucleolar RNA
(snoRNA) involved in the modification of rRNA and microRNA (miRNA) which
function as repressors at the level of post-transcriptional control. Furthermore, since
DNA is packaged into a nucleoprotein complex known as chromatin, it is becom-
ing important to understand this structure together with histone modification and
cytosine methylation in gene regulation [21].

In general the first stage in characterizing the 5′-flanking and promoter region(s)
of a gene involves isolation of a genomic clone that harbours the transcription ini-
tiation site and contains the upstream sequence of the gene. This is followed by the
determination of the exon/intron organization to identify any untranslated region
and then measurement of the transcriptional activity of the upstream regulatory
sequences [12]. These strategies involve the generation of serial 5′-deletion plasmid
constructs fused with a reporter gene such as luciferase or chloramphenicol acetyl-
transferase (CAT). These constructs are transiently transfected into mammalian cell
lines to determine transcriptional activity of the mutant fragments in vitro or they
can be used in vivo to generate transgenic mice. Furthermore, electrophoretic mobil-
ity assays and yeast one-hybrid studies have also focused on identifying which DNA
binding proteins (transcription factors) interact within the regulatory domains of the
genes coding for the dopamine receptors. The findings generated from the methods
described above are described and discussed below.
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2.2 D2-Like Dopamine Receptor Genes

2.2.1 D2 Dopamine Receptor Genes

2.2.1.1 Gene Structure and Organization

The cloning of the rat D2 dopamine receptor was a major breakthrough in the neu-
roscience field [22]. The cloning strategy that was employed utilized the coding
region of the hamster β2-adrenergic receptor [23]. This genomic DNA sequence
was used to probe a rat genomic library for the presence of homologous fragments
in Southern blot analysis. Under low-stringency hybridization conditions several
clones were found, and one clone (clone RGB-2) was further characterized. This
clone consisted of a 0.8 kb EcoRI–PstI fragment that revealed a high degree of
similarity to the nucleotide sequence of the putative transmembrane domain of the
hamster β2-adrenergic receptor. The 0.8 kb EcoRI–PstI fragment of RGB-2 was then
used to probe a rat brain cDNA library. A full-length cDNA of 2,455 bases was iso-
lated that encoded a protein of 415 amino acids. A hydrophobicity plot of this amino
acid sequence indicated that it belonged to the family of G protein-coupled recep-
tors, as it consisted of seven putative transmembrane domains [24]. Subsequently,
the human pituitary cDNA (hPITD2) was cloned using rat brain D2 dopamine recep-
tor cDNA as a hybridization probe [25]. The human and rat nucleotide sequences
were found to be 90% identical and they indicated 96% homology at the amino
acid level. When hPITD2 cDNA was expressed in mouse Ltk– cells, the protein
showed a pharmacological profile which was essentially identical to that obtained
with the cloned rat D2 dopamine receptor [22]. However, the human pituitary D2
dopamine receptor encoded a protein of 444 amino acids, 29 amino acids longer
than the rat D2 dopamine receptor. DNA sequence analysis showed that the coding
sequence had seven exons interrupted by six introns and that the additional amino
acid sequence was encoded by a single exon (exon 5) of 87 base pairs, which was
present in the putative third cytoplasmic loop of the receptor. These D2 dopamine
receptors of different sizes from the two species were referred to as the D2L (long)
and D2S (short) forms and it was postulated that they were produced by alterna-
tive splicing of mRNA [25]. The human D2 dopamine receptor gene was found to
localize to chromosome 11q23-24 [26].

The structure and organization of the rat D2 dopamine receptor gene was sub-
sequently further delineated when demonstrated that the gene contains eight exons
and spans at least 50 kb [27]. This research group identified seven coding exons
(numbered as exons 2–8), including the alternatively expressed exon (exon 6), clus-
tered in approximately 13 kb of the genome which revealed a similar structure to the
human D2 dopamine receptor gene. Furthermore, they also identified a non-coding
exon termed as exon 1, thus generating a different exon numbering system to that
previously used for the human D2 dopamine receptor gene [25]. Additionally, the
same research group consequently analysed the structure of the human D2 dopamine
receptor [28]. Like the rat D2 dopamine receptor gene, the human D2 dopamine
receptor gene was found to contain at least eight exons and spans at least 52 kb. The
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coding exons 2–8 are clustered within 14 kb and the non-coding exon 1 is separated
from exon 2 by at least 38 kb. Similarly, the mouse D2 dopamine receptor gene was
found to span at least 30 kb with the coding exons 2–8 clustered in ∼11 kb and the
non-expressed exon 1 located at least 18 kb away from exon 2 revealing an anal-
ogous organization to the rat and human D2 dopamine receptor genes [29]. Each
intron/exon boundary was also sequenced in the mouse D2 dopamine receptor gene
and compared with the rat and human species [29]. The position of all boundaries
was conserved in all three species except for intron 4 which contains a variant donor
splice site (a GC dinucleotide instead of the canonical GT) in the mouse and rat but
not in the human D2 dopamine receptor gene [27].

Other studies also demonstrated that alternative splicing produces the expression
of two rat D2 dopamine receptor isoforms [27, 30–32]. Furthermore, similar inves-
tigations were performed on both the rat and human D2 dopamine receptor isoforms
[31], on the rat and bovine D2 dopamine receptor isoforms [33–36] and for the
mouse D2 dopamine receptor isoforms [29]. In the literature the long form of the
D2 dopamine receptor was referred to as the D2L, D2(long), D2A, D2(444) or D2-in,
whereas the short form was termed D2S, D2(short), D2B, D2(415) or D2-o.

2.2.1.2 Promoter Structure and Transcriptional Regulation

A short fragment of 500 bp from the translational start site of the rat D2 dopamine
receptor gene was initially sequenced [27]. No transcriptional elements such as
CCAAT or TATA boxes were found but the region was 78% GC rich and consisted
of several Sp1-like binding sites. Subsequently, the analysis of the promoter region
of the rat D2 dopamine receptor gene was comprehensively determined [37]. This
analysis included cloning of exon 1, identification of its 5′-end, determination of the
transcription start sites and the ability of D2 promoter deletion mutants to transcribe
the reporter gene chloramphenicol acetyltransferase (CAT) in various cell lines. The
rat D2 dopamine receptor gene spans at least 50 kb with coding exons 2–7 clus-
tered in approximately 13 kb of genome, revealing that intron 1 is very long and
over 20 kb [27]. A 21-mer oligonucleotide probe consisting of exon 1 sequences
[27] was used to screen a rat genomic library [37]. A 1.3 kb region including all
of exon 1, its 5′-flanking region and part of intron 1 was sequenced. S1 nuclease
analysis indicated three consecutive nucleotides as the main transcription start sites
and several weaker sites also noted upstream from the 3′-end of exon 1. The results
also reveal no exon further upstream to the non-coding exon 1 in the D2 dopamine
receptor gene. The +1 was designated as the adenine that corresponds to one of
the strong S1 signals and to one of the 5′-cDNA ends generated by RACE (rapid
amplification of cDNA ends). The promoter region of the D2 dopamine receptor
gene was found to lack TATA and CCAAT boxes and is rich in GC content (reach-
ing 80% in some portions) with several putative binding sites for the transcription
factor Sp1. An initiator-like sequence was sited between nucleotides –6 and +11,
suggesting transcription initiation from this position. Transient expression assays
using 5′-deletion mutant constructs controlling transcription of the CAT gene were
determined in murine neuroblastoma cells (NB41A3) that endogenously express the



2 Gene Structures of the Dopamine Receptors 29

D2 dopamine receptor gene. Strongest transcriptional activity was found between
nucleotides –75 and –30 and silencing activity was present between nucleotides –
217 and –76. DNase I footprinting studies using nuclear extract from NB41A3 cells
suggested Sp1 binding to its consensus sequence at nucleotide –48 but inhibition
of Sp1 binding at nucleotide –86 by the extract. The D2 promoter showed no tran-
scription activity of the heterologous CAT gene in rat glioma C6, mouse embryonal
NIH 3T3 and human hepatoblastoma Hep G2 cells, indicating that it is regulated in
a tissue-specific manner.

Subsequently, another study demonstrated the transcription of the rat D2
dopamine receptor gene from two promoter regions [38]. Using single-stranded
ligation to single-stranded cDNA (SLIC), the gene was found to contain two tran-
scription start sites: the major one located about 320 bp upstream from the 3′-end
of the first exon and a minor site 70 bp further upstream. Transient expression
assays with fusion constructs consisting of fragments of the rat D2 promoter region
and the luciferase reporter gene confirmed the presence of two independent TATA-
lacking promoter regions. Both promoters independently induced transcription of
the luciferase gene in C6 glioma cells, fibroblasts and GH3 and MMQ rat pituitary
cell lines, although only the MMQ cells express the D2 dopamine receptor. The
transcriptional activity was enhanced in the presence of both promoters and mod-
ified by the upstream sequences. These data differ from that derived by [37] and
were suggested to be due to the use of different reporter gene assays with varying
sensitivities and/or the utilization of different cell lines [38].

The negative modulator of the rat D2 dopamine receptor gene was further anal-
ysed [39]. In this study, a small deletion series within the negative modulator fused
with the CAT reporter gene was used to transfect the D2-expressing cells, NB41A3.
The results identified two cis-acting functional DNA sequences. The first is a 41 bp
segment between nucleotides –116 and –76 (D2Neg-B) and the second is a 26 bp
segment between nucleotides –160 and –135 (D2Neg-A). D2Neg-B decreased tran-
scription from the D2 promoter by 45%, whereas D2Neg-A in the presence of
the downstream negative modulator reduced transcription down to the level of
a promoterless vector. Furthermore, DNase I footprinting, gel mobility shift and
competitive cotransfection experiments suggested that D2Neg-A functions with-
out trans-acting factors, while D2Neg-B interacts with nuclear factors at its Sp1
binding sequences. Gel supershift assays with anti-Sp1 antibody and UV cross-
linking experiments revealed that a novel 130 kDa factor as well as Sp1 interacts
with D2Neg-B in NB41A3 cells. The novel protein that recognizes Sp1 binding
sequences in the D2 gene negative modulator was also found to be present in rat
striatum nuclear extract.

In the case of the human D2 dopamine receptor gene only a small fragment of the
5′-flanking region was isolated and sequenced which enabled screening of genetic
variants [40]. A significant polymorphism in the D2 promoter is the –141C Ins/Del
(insertion/deletion), where one or two cytosines are found as part of a putative bind-
ing site for the transcription factor Sp1. Constructs consisting of the –141C Del
allele cloned into a plasmid with the luciferase reporter gene demonstrated lower
transcriptional activity in human retinoblastoma Y-79 cells (that express D2) and
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human kidney 293 cells (D2 non-expressing) compared to the –141C Ins allele [40].
Interestingly, it was additionally demonstrated in case–control studies that the –
141C Del allele was significantly lower in schizophrenic patients than in control
subjects in Japanese and Swedish populations [40, 41].

The promoter region of the D2 dopamine receptor has been found to be regulated
by other transcription factors including retinoids [42, 43], AP1 [44], Sp1/Sp3 [45]
and Zif268 in the rat [46], by nuclear factor-κB in human [47] and by dopamine
receptor regulating factor (DRRF) in mouse [48]. The latter report showed that
DRRF is a zinc finger transcription factor that binds to GC and GT boxes in the
D2 dopamine receptor promoters and effectively displaces Sp1 and Sp3 from these
sequences. Highest levels of DRRF mRNA were found in mouse brain in areas
including olfactory bulb and tubercle, nucleus accumbens, striatum, hippocam-
pus, amygdala and frontal cortex. Interestingly, these brain regions also express
abundant levels of dopamine receptors, indicating the importance of DRRF in regu-
lating dopaminergic neurotransmission. In the D2-expressing NB41A3 cells, DRRF
potently inhibited transcription from the D2 promoter, whereas it was found to
activate the D2 promoter in NS20Y and TE671 cells. In vivo experiments show
that DRRF mRNA is significantly altered in striatum and nucleus accumbens brain
regions in mice treated with acute and chronic doses of cocaine and haloperidol.
Furthermore, in situ hybridization studies in mice have shown that DRRF mRNA
is expressed uniquely during development with high levels observed at E12, E14
and E16 in various tissues [49]. DRRF expression during development is also found
in particular brain regions such as the neopallial cortex, olfactory lobe and corpus
striatum. This pattern of DRRF distribution during embryogenesis overlaps with that
found in the adult brain and with the expression profile of dopamine receptors both
in adult and during development. Additionally, the promoter region of murine DRRF
was characterized, revealing tissue-specific activity, suggesting that it shares struc-
tural and functional similarities with the dopamine receptor genes that it regulates
[50]. More recently, it has been found that DRRF auto-regulates its own promoter
by competing with Sp1 and that both AP1 and AP2 modulate its expression [51].
Additionally a small segment of the rat D2 promoter has been found to be regulated
by corticosterone and oestrogen in NB41A3 cells in vitro [52, 53].

Moreover, DNA methylation has been demonstrated within the promoter region
of the human D2 dopamine receptor gene, suggesting that this transcription reg-
ulatory mechanism plays a role in controlling human D2 dopamine receptor gene
expression [54]. Lately, the 5′-regulatory region of the human D2 dopamine receptor
gene has been found to have methylated cytosines mainly in three clusters [55].

2.2.2 D3 Dopamine Receptor Genes

2.2.2.1 Gene Structure and Organization

The molecular cloning of the rat D3 dopamine receptor gene was performed using
reverse transcription polymerase chain reaction (RT-PCR) [56]. Genomic and cDNA
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libraries were screened using a probe derived from the D2 dopamine receptor
sequence published earlier [22]. The positive clone that was obtained coded for a
protein of 446 amino acid residues, and hydrophobicity analysis of the clone indi-
cated seven putative transmembrane regions characteristic of G protein-coupled
receptors. The D3 dopamine receptor gene contained introns similar to the D2
dopamine receptor gene, and 75% homology existed between the rat D2S and D3
dopamine receptor genes within the transmembrane regions. Consistent with this
high sequence homology, the pharmacological properties of the D3 receptor were
similar to but distinct from those of the D2 dopamine receptor. The rat D3 dopamine
receptor gene contains six coding exons separated by five introns. In humans, this
gene is located on chromosome 3, band 3q13.3 [57], with a coding region consist-
ing of six exons over 53 kb and an open reading frame of only 400 amino acids.
This difference of 46 amino acid residues between the rat and human D3 dopamine
receptors is located within the third cytoplasmic loop of the protein [58].

The polymerase chain reaction amplification of mRNA from rat brain revealed
the existence of two shorter isoforms of the D3 dopamine receptor in addition to
the D3 dopamine receptor itself [59]. The isoforms were suggested to result from
different processes of alternative splicing. One form was produced by splicing of
an exon whose absence deletes the third transmembrane domain, resulting in a pro-
tein (termed D3(TM3-del)) having no dopaminergic ligand binding activity. The
second isoform resulted from splicing at a receptor site that coded for half the sec-
ond extracellular loop and part of the fifth transmembrane domain (referred to as
D3(O2-del)). Other research groups have also demonstrated splice variants of the
D3 dopamine receptor in the rat and human brain [60–62], but none of the truncated
proteins encoded by these variants has dopamine receptor activity. However, the
alternatively spliced short isoform of the mouse D3 dopamine receptor that lacks
63 nucleotides in the third cytoplasmic loop was found to bind dopaminergic lig-
ands [63]. This alternative splicing reflects the presence of a sixth intron found in
the mouse D3 receptor gene [64, 65]. The functional and physiological role of the
truncated forms of the D3 dopamine receptors is not known, but it has been sug-
gested that they could be formed for controlling the amount of active D3 dopamine
receptors [59]. Defects in the regulation of alternative splicing of the receptor could
result in formation of inactive D3 dopamine receptors and may be associated with
psychiatric disorders.

2.2.2.2 Promoter Structure and Transcriptional Regulation

The D3 dopamine receptor gene has been implicated in neuropsychiatric disorders
and found to be regulated following antipsychotic drug treatment [66, 67]. To begin
with only a short segment of the 5′-untranslated region of the D3 dopamine receptor
gene was described in the mouse [65] and human [62]. However, a comprehen-
sive investigation of the gene’s transcriptional control was elucidated when the
5′-flanking region was characterized by isolating the 5′-end of its cDNA as well
as 4.6 kb of genomic sequence [68]. Analysis of this region revealed the presence
of two new (untranslated) exons of 196 bp and 120 bp, designated exon 1 and exon
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2, that are separated by an 855-bp intron located several kilobases (at least 4 kb)
upstream of the previously published coding exons. This evidence shows that the
rat D3 dopamine receptor gene is organized into eight exons and is comparable to
the structure of the rat D2 dopamine receptor gene. The rat D2 dopamine receptor
gene has a single non-coding exon located at least 35 kb upstream from its first of
seven coding exons [27, 37, 38]. However, sequence comparison between the 5′-
UTR and 5′-flanking regions of the rat D2 and D3 dopamine receptor genes shows
substantial homology. On the other hand, the D1A dopamine receptor gene has been
found to have a different organization with a non-coding exon separated from a sin-
gle coding exon by a small intron [69, 70], which is 116 bp in humans (see Section
2.3). There is no sequence homology between the 5′-flanking region of the D1A and
the rat D3 dopamine receptor genes.

The transcription initiation site of the rat D3 dopamine receptor gene determined
by primer extension analysis and repeated rounds of 5′-RACE (rapid amplification
of cDNA ends) was found to consist of a pyrimidine-rich consensus “initiator”
sequence, similar to the rat D2 dopamine receptor gene [37, 68]. The promoter
region of the rat D3 dopamine receptor gene did not reveal any TATA and CCAAT
boxes but unlike that of D1 and D2 dopamine receptor genes has only 52% GC
content. These results demonstrate that the rat D3 dopamine gene has similarities
with the rat D2 dopamine receptor gene as both are transcribed from a TATA-
less promoter that has an initiator element. Functional studies of rat D3 promoter
deletion mutants fused to the CAT reporter gene were carried out in a human medul-
loblastoma cell line (TE671 cells) [68]. These cells endogenously express the D3
dopamine receptor [71]. Strongest transcriptional activity was determined within 36
nucleotides upstream of the transcriptional start site and a potent silencer identi-
fied between bases –37 and –86 which extends to –537 as transcriptional activity is
noticeably and gradually reduced with the addition of sequences between –36 and
–537 until complete inhibition. There was a small recovery of reporter gene activity
with the addition of nucleotides –538 to –782, suggesting the presence of a poten-
tial activator. Additionally, another weaker silencer is located between nucleotides
–783 and –1,046. These data suggest that the rat D3 dopamine receptor gene is under
intense negative regulation and similar to that observed with the rat D2 dopamine
receptor gene. Interestingly, none of the D3 deletion mutant constructs showed any
transcriptional activity in COS-7 (African green monkey kidney) or C6 rat glioma
cells, which are not known to express the D3 dopamine receptor gene endogenously.
However, the shortest construct having 36 nucleotides from the transcriptional start
site also showed significant transcriptional activity in OK (opossum kidney) and
HepG2 (human hepatoblastoma) cells even though the evidence suggests that these
cells do not express the D3 dopamine receptor mRNA. However, unlike the potent
silencing effect of the longer upstream regulatory regions of the D3 gene in TE671
cells, these fragments showed only weak inhibition in OK cells or strong activation
in HepG2 cells. Thus although the core promoter of the rat D3 dopamine recep-
tor gene is active in these three different cell types, its regulation by the upstream
elements varies in D3- and non-D3-expressing cells. The presence of specific tran-
scription factors in the different cell lines could help explain the complex differential
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regulation of the rat D3 dopamine receptor gene. Interestingly, the transcription fac-
tor dopamine receptor regulating factor (DRRF) was found to activate the regulatory
region of the rat D3 dopamine receptor gene in TE671 cells [48].

Subsequently, a 9 kb genomic fragment of the human D3 dopamine receptor
gene was isolated upstream from the translational start site [72]. Studies using 5′-
RACE identified three additional exons, and transcriptional activity was found in
two putative 500 bp 5′-regions derived from brain tissue and lymphoblast cells fol-
lowing transfection in human cell lines. However, interpretations of these findings
were ambiguous as the transcriptional start site was not accurately determined and
no series of deletion constructs tested for transcriptional activity. The main focus of
this report appeared to be identification of single nucleotide polymorphisms in the
5′-region of the gene, but no association was found with schizophrenia.

2.2.3 D4 Dopamine Receptor Genes

2.2.3.1 Gene Structure and Organization

The human D4 dopamine receptor was cloned and characterized after screen-
ing various cell lines for other D2-like dopamine receptors [73]. The cloning
strategy employed in the discovery of this receptor utilized the D2 dopamine
receptor sequence that encoded for the sixth and seventh putative transmembrane
regions [22]. This fragment of the rat D2 dopamine receptor served as a probe
for screening genomic and cDNA libraries under low- and high-stringency condi-
tions. The genomic intron–exon organization of the human D4 dopamine receptor
gene indicated the presence of five coding exons for a protein of 387 amino acids.
Hydrophobicity analysis of the protein sequence indicated seven putative transmem-
brane regions, which suggested that it belonged to the family of G protein-coupled
receptors. The pharmacological characteristics of the D4 dopamine receptor resem-
bled that of the D2 and D3 dopamine receptors. However, the “atypical neuroleptic”
drug clozapine had higher affinity for D4 than for D2 and D3 dopamine receptors.

The rat analogue of the human D4 dopamine receptor gene was cloned, also
revealing high affinity for clozapine [74]. This rat gene was found to have only
four coding exons which encoded a protein of 368 amino acids, suggesting an
additional splice site in the human D4 dopamine receptor gene. However, despite
the differences in gene structure the rat gene shares a high homology of 73% and
77% with the human D4 gene at the amino acid and nucleic acid level, respec-
tively. Interestingly, the amino acid homology of the gene between the two species
increased to 89–96% when only the transmembrane regions were considered. The
majority of the differences observed amongst the rat and human D4 dopamine
receptor genes occurred within the third cytoplasmic loop, which have only 50%
amino acid identity. In the human gene, this region contains an unusual splice site
within intron 3 (a donor/acceptor site of TC/CT is present instead of the GT/AG).
Additionally, the rat D4 dopamine receptor mRNA was detected in the cardiovascu-
lar system in addition to the brain, suggesting that this receptor is an important
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dopamine receptor in the peripheral nervous system [74]. Similar to the rat D4
gene, the murine D4 dopamine receptor gene was found to have four coding exons
that span over 30 kb [75]. The gene encodes a 387 amino acid protein displaying
80% and 95% homology with the human and rat D4 dopamine receptors, respec-
tively, at the amino acid level. Likewise, at the nucleotide level the mouse D4
dopamine receptor gene revealed 79% and 93% homology with the human and rat
D4 dopamine receptor genes, respectively. The most conserved regions were seen
within the transmembrane domains that are thought to form the ligand binding site.

Three polymorphic forms of the D4 dopamine receptor in humans were fur-
ther discovered [76]. These were the three most common variants, having 2-, 4-
or 7-fold imperfect repeats of a 48 bp sequence in the putative third cytoplasmic
loop of the receptor, located in exon 3 of the gene. This was the first example of
polymorphic variation observed in catecholamine receptors. Although the differ-
ent forms of the receptor showed slightly different pharmacological profiles with
drugs spiperone and clozapine, they all coupled to G proteins [76]. Similarly, the
same group later found that the polymorphic repeat sequences conferred only small
differences in pharmacological binding properties [77, 78] and also in functional
properties to inhibit cyclic adenosine monophosphate [79]. Therefore, it was con-
cluded from the evidence that there was no direct relationship between length of the
polymorphism and changes in these activities. The D4 dopamine receptor variants
were also capable of coupling to several G protein (Gi α) subtypes, but no evidence
of any quantitative difference in G protein coupling related to repeat length was
observed [80]. However, transcriptional differences were observed when the repeat
variants were cloned downstream from the luciferase gene in expression vectors
and tested in a somatomammotrophic (GH4C1) cell line [81]. Constructs having 7
repeat sequences significantly suppressed expression of the reporter gene compared
to those consisting of the 2 and 4 repeats, which was suggested to be via mecha-
nisms involving RNA stability or translational efficiency. More recently, dopamine
was found to be more potent at D4 receptors having 2 and 7 repeats than those
with 4 repeats, suggesting that the actions of dopamine and therapeutic drugs on D4
dopamine receptors may vary amongst individuals depending on the variants they
have [82].

At least 19 different repeat unit sequences, used in 25 different haplotypes that
code for 18 different unique receptor variants, were identified in the human D4
dopamine receptor gene [83]. More recently, an extra 35 different alleles have been
detected in the population having single nucleotide polymorphisms [84]. The 7-
repeat allele was initially reported to be associated with the personality of novelty
seeking [85, 86] and then more lately with attention deficit hyperactivity disorder
(ADHD) [87–90].

2.2.3.2 Promoter Structure and Transcriptional Regulation

The 5′-flanking region of the human D4 dopamine receptor gene was isolated and
sequenced, revealing a transcription initiation region located between –501 and –
436 bp relative to the first nucleotide of the translational codon [91]. A CpG island
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spanned the region from –900 to +500 bp (which is over 50% GC rich) but no
TATA or CCAAT boxes were present in the 5′-flanking region. However, the region
was found to have consensus binding sites for transcription factors including Sp1.
These properties are similar in the 5′-regulatory sequences of the D1, D2, D3 and
D5 dopamine receptor genes. Functional analysis of deletion constructs fused to
the CAT reporter gene and transiently transfected into IMR32 (neuroblastoma) and
Y-79 (retinoblastoma) cells demonstrated promoter activity in the region around
–591 and –123 bp and the presence of a negative modulator between –770 and
–679 bp. However, no transcriptional activity was observed in human epithelial
(HeLa) cells, suggesting cell-specific regulation of the human D4 dopamine receptor
gene.

The 5′-flanking region of the human D4 dopamine receptor contains several poly-
morphisms [92]. One of these is a –521 C/T polymorphism that showed weak
association to schizophrenia. Functional studies demonstrated that this promoter
polymorphism had reduced transcriptional activity compared to the C allele in
human neuroblastoma cells (Y-79) [93]. However, more lately the –521 C/T poly-
morphism showed no significant differences in transcriptional activity in three
human neuroblastoma (SK-N-F1, IMR32 and Y-79) cell lines [94]. The discrep-
ancy in results between the two studies was suggested to be due to the use of
different reporter vectors and variation in the length of the cloned fragment that har-
boured the polymorphism. Interestingly, the transcriptional regulation of the human
D4 dopamine receptor gene was also further analysed in SK-N-F1, Y-79, IMR32
and HeLa cells [94]. The highest transcriptional activity was observed between
nucleotides –668 and –389 from the translational start site and a putative silencer
region was located from –1,571 to –800 bp. These results together with the previous
findings on the regulatory region of the D4 dopamine receptor gene [91] suggest that
the gene may possess two negative modulators, one of which was not functional in
the cell systems utilized in the study by [94].

A tandem duplication of 120 bp located 1.2 kb upstream from the initiation codon
and approximately 850 bp upstream from the transcription start site was identified
in the human D4 dopamine receptor gene [95]. This polymorphism has been found
to be associated with ADHD [96–98]. Transient transfection in human neuroblas-
toma cells and other human cell lines with coupled luciferase reporter gene assays
demonstrated that the duplication had lower transcriptional activity in human neu-
roblastoma cells (SK-N-MC, SH-SY5Y), human embryonic kidney cells (HEK293)
and HeLa cells compared to the non-duplicated form [99]. These data also sug-
gested that the D4 dopamine receptor gene may have an alternative promoter in an
intron region, as the tandem duplication revealed promoter activity. This is yet to
be confirmed, but this speculation is in agreement with a previous report that sug-
gested that the promoter region characterized by [91] could be in an intron region
due to the discrepancy in size of mRNA from previous studies [100]. They also
suggested that a large intron could separate the coding exons of the D4 dopamine
receptors from potential untranslated exons similar to that observed for the other
D2-like receptors [100], and the interpretation of findings from the functional stud-
ies of the tandem duplication were discussed in light of these considerations [99].
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A recent study has verified these functional data, also showing that the duplicated
allele but this case in constructs comprising the major part of the 5′-regulatory region
showed lower transcriptional activity in human cell lines Y-79, SK-N-F1 and HeLa
compared to the non-duplicated form [101]. They also identified a 4-repeat allele of
this polymorphism which showed dose-dependent functional effects with the lowest
transcriptional activity in the cell lines tested.

Capillary electrophoretic mobility shift assays were used to compare the bind-
ing capacity of the transcription factor Sp1 to the polymorphic 120 bp sequence
in the human D4 dopamine receptor gene [102]. The data suggest enhanced bind-
ing capacity of the transcription factor to the duplicated form using HeLa nuclear
extracts. However, these data have not been verified independently using other cell
culture systems and/or other techniques such as standard electrophoretic mobility
shift assays (EMSA).

2.3 D1-Like Dopamine Receptor Genes

2.3.1 Gene Structure and Organization of D1-Like Dopamine
Receptors

The human and rat D1 dopamine receptors were cloned by several groups [103–
106]. This was achieved using a cloning strategy based on the nucleotide sequence
of the D2 dopamine receptor gene [22]. The cloned D1 dopamine receptor encodes
a protein of 446 amino acids and the gene consists of one coding exon and thus was
found to be intronless. Hydrophobicity analysis of the amino acid sequence of the
receptor indicated that it belonged to the family of G protein-coupled receptors, as
it consists of the characteristic seven stretches of hydrophobic amino acid residues.
The structural features of this receptor include a short third cytoplasmic loop and
a long carboxyl-terminal tail, in contrast to the D2 dopamine receptor with a long
third cytoplasmic loop and short carboxyl-terminal tail. Furthermore, the cloned D1
dopamine receptor when transfected into a cell line was able to stimulate adenylyl
cyclase in response to dopamine. This clearly indicated that cellular physiological
responses mediated at the D1 dopamine receptor were different from those mediated
at the D2 dopamine receptor. A second member of the D1 dopamine receptor sub-
family was then cloned and referred to as the D5 dopamine receptor as it had affinity
for dopamine and lower expression in the brain compared to the D1 dopamine recep-
tor [107]. After the cloning of the D5 dopamine receptor, the cloning of the rat D1
dopamine receptor subtype was reported [108]. They referred to this receptor as
the D1B dopamine receptor, and the previously cloned D1 dopamine receptors were
termed D1A dopamine receptor [103–106]. The cloned rat D1B dopamine receptor
encoded a protein of 475 amino acids and belonged to the family of proteins that
couple to G proteins. The distribution of the receptor was found to be similar to that
of the D5 dopamine receptor and it was suggested that the D1B dopamine receptor
is the rat ortholog of the D5 dopamine receptor, and therefore the terms D1B and D5
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were used interchangeably to describe the same receptor [109]. The current stan-
dard nomenclature for dopamine receptors refers to these subtypes as D1 and D5
(http://www.iuphar-db.org/GPCR/ChapterMenuForward?chapterID=1282).

Interesting developments arose when three genes related to the D1 dopamine
receptor were identified in the human genome [110–112]. The authors demon-
strated that one of the genes lacked introns and was found to function as human
D5 dopamine receptor. However, the other two genes were pseudogenes. The
transcript of one of these pseudogenes is expressed in several brain regions and
produces a protein of 154 amino acids [113]. The human D1 dopamine receptor is
located on chromosome 5 at q35.1 [114] and the functional human D5 dopamine
receptor gene is localized to chromosome 4p16.1 [115]. The first and second pseu-
dogenes of the D5 dopamine receptor genes demonstrated chromosome localization
to 2p11.1-p11.2 and 1q21.1, respectively [115].

2.3.2 Promoter Region of the D1 Dopamine Receptor Gene

The 5′-flanking region of the human D1 dopamine receptor gene was characterized
by sequencing a 2.3 kb genomic fragment from –2,571 to –236 bp relative to the
adenosine of the first methionine codon [69]. S1 nuclease mapping and reverse tran-
scription PCR revealed the presence of a small intron of 116 bp (–599 to –484)
and an exon of about 440 bases in the 5′-non-coding region upstream from the cod-
ing exon in the human D1 dopamine receptor gene which was previously thought
to be intronless [103–105]. The rat D1 dopamine receptor gene was also found to
have a small intron in its 5′-untranslated region [70] and additional information on
its 5′-flanking region has been described at the end of the section. The human D1
dopamine receptor gene has multiple transcription initiation sites located between
–1,061 and –1,040. The promoter region lacks a TATA box and a CCAAT box, is
rich in G+C content (up to 80% in some regions) and has several putative bind-
ing sites for the general transcription factor Sp1 [69]. Thus the promoter region of
D1 dopamine receptor was similar to that in the D2 gene having similar features.
However, it also has consensus sequences for a putative cAMP response element
and binding sites for the transcription factors AP1 and AP2. Transient expression
assays suggested the presence of a positive modulator between nucleotides –1,340
and –1,102 and a negative modulator between –1,730 and –1,341 in the murine
neuroblastoma cell line (NS20Y), with no or very low transcriptional activity in
NB41A3, C6 and HepG2 cells which do not express the D1 dopamine receptor
gene, suggesting regulation in a tissue-specific manner. It was later demonstrated
that the transcriptional activity of the intron within the human D1 dopamine recep-
tor gene is higher than the upstream promoter by 12-fold in SK-N-MC cells and
by 5.5-fold in NS20Y cells in an orientation-dependent manner [116]. Studies in
SK-N-MC cells additionally revealed that longer D1 mRNAs including exon 1 are
degraded 1.8 times faster than the shorter D1 transcripts. Thus all this evidence indi-
cates that the human D1 dopamine receptor gene is transcribed in neural cells from a
second strong promoter that is located in the intron and generates shorter transcripts
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deficient in exon 1. However, only this short D1 dopamine receptor transcript was
present in human and rat kidneys [117]. These data demonstrate that the upstream
promoter is active only in neural cells, whereas the intron promoter is active in
both neuronal and renal cells. However, the activator region (nucleotides –1,154 to
–1,136) that enhances transcriptional activity of the upstream promoter in SK-N-
MC and NS20Y could not activate this promoter in OK cells [117]. Furthermore,
gel shift assays using nuclear extracts from either OK cells or rat kidney tissue
showed no protein binding to the activator region. The results suggest that dif-
ferential expression of long and short D1 dopamine receptor transcripts is due to
tissue-specific expression of the activator protein binding to the activator region
promoting transcription from the upstream promoter. It was suggested that absence
of this protein would result in a non-functional D1 upstream promoter in the kidney.

The activator region of the human D1 dopamine receptor gene was further anal-
ysed and found to localize to two regions (–1,154 to –1,137 and –1,197 to –1,154)
which increased promoter activity [118]. In addition, both the –1,197 to –1,154
region and the core promoter located downstream to –1,102 resulted in cell-specific
D1 dopamine receptor gene expression. Additionally, DNase I footprinting and gel
shift assays revealed DNA protein interactions mainly in the region between –1,197
and –1,116. Furthermore, functional significance of nuclear factors interacting with
the activator regions of the human D1 dopamine receptor gene was determined in the
neuroblastoma cell line SK-N-MC using competitive cotransfections with different
fragments of this region. Novel transcription factors interacted with the D1-Act-1
(–1,197 to –1,152) sequence even though it does not have consensus binding
sites for known transcription factors. DNA binding proteins interact with D1-Act-2
(–1,154 to –1,116) sequence as a complex that includes Sp1 or Sp1-like protein as
well as a novel factor. However, even though recombinant AP2 binds to some of its
consensus sequences in the D1 dopamine receptor gene, it was suggested that it is
unlikely that AP2 has a significant role in positively modulating the basal expres-
sion of the gene in NS20Y cells as the AP2 consensus sequences in the D1 dopamine
activator could not bind to nuclear extracts of these cells [118].

Supplementary transcriptional regulation studies of the human D1 dopamine
receptor gene by cAMP revealed location of two cAMP responsive regions in exon
1, both of which interacted with nuclear proteins in D1-expressing cells SK-N-MC
[119]. The segment of D1 gene between these two regions strongly interacted with
nuclear proteins following forskolin/IBMX which directly increases cAMP lev-
els. A different study demonstrated that 6.4 kb upstream region on the human D1
dopamine receptor gene is sufficient to confer tissue-specific expression in specific
D1-expressing brain regions of transgenic mice in vivo and in neuroblastoma cells
in vitro [120].

The regulatory regions of the rat and mouse D1 dopamine receptor genes have
additionally been studied. The promoter region of the rat D1 dopamine receptor gene
was initially characterized locating the transcription start site to 864 bp upstream
from the translational start site [70]. Like the human gene, the 5′-flanking region of
the rat gene does not have any TATA or CCAAT boxes but is G + C rich, with
binding sites for the transcription factors Sp1, Ap1 and Ap2 and with potential
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cAMP and glucocorticoid response element sequences. Transfection studies using
fusion constructs with the CAT reporter gene demonstrated that the rat D1 promoter
is active in D1-expressing neuroblastoma NS20Y cells but inactive in glioma C6
and human embryonic kidney (HEK293) cells that do not express the D1 dopamine
receptor. A fragment of 735 bp of the 5′-flanking region of the gene produced this
cell-specific promoter activity which was responsive to cAMP, suggesting an auto-
regulation mechanism by which stimulation of the gene exerts a positive feedback
on its expression.

Second, the 5′-flanking region of the murine D1 dopamine receptor gene was
investigated to determine the utility of its promoters in brain tissue-specific expres-
sion of transgenes [121]. The presence of two functional promoters was confirmed
similar to that found for the rat and human D1 dopamine receptor genes [116, 117].
Transient expression analyses using CAT fusion constructs revealed that the murine
D1 upstream promoter fused with the activator region of the human D1 gene has
strong transcriptional activity in NS20Y cells that express D1 but not in renal (OK),
glial (C6) and hepatic (HepG2) cells. This suggests that the hybrid construct har-
bours neural cell-specific elements and this could be tested for the neuronal-specific
expression of transgenes in vivo [121].

Most of the evidence for the interaction of DNA binding proteins with the regu-
latory region of the D1 dopamine receptor has been generated from studies with
the human gene. The transcription factors that have been found to regulate the
human D1 dopamine receptor gene include POU factors such as Brn-4 [122, 123]
and also Meis2 (myeloid ecotropic viral integration site 1) and TGIF (5′-TG-3′-
interacting factor) which belong to the family of three-amino acid extension loop
(TALE) homeobox proteins [124]. Furthermore, the zinc finger protein ZIC2 and
factor Sp3 were found to repress Sp1-induced activation of the human D1 dopamine
receptor gene, an effect that involved the activator region in the regulatory fragment
of the gene [125]. The hormone oestrogen has additionally been found to upregu-
late transcription of the human D1 dopamine receptor in neuroblastoma cell lines
[126]. The zinc finger-type transcription factor DRRF has been found to repress the
promoter region of the D1 dopamine receptor in NS20Y cells and activate the D1
dopamine receptor promoter in TE671 cells [48]. This protein binds to the GC and
GT boxes in the D1 dopamine receptor promoter and effectively displaces Sp1 and
Sp3 from these sequences. Thus DRRF regulates dopamine receptor subtypes and
has opposing effects depending on cellular context.

2.3.3 Promoter Region of the D5 Dopamine Receptor Gene

There is some evidence on the transcriptional regulation of the D5 dopamine recep-
tor following characterization of the 5′-flanking and promoter regions of the human
gene [127]. Comparison of genomic and cDNA sequences revealed the presence of
two exons separated by a small intron. The 5′-flanking region showed no TATA and
CCAAT boxes but contained several putative binding sites for the transcription fac-
tors Sp1 and Ap1, thus revealing a similar structure to the other dopamine receptor
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genes. However, the D5 regulatory region is not GC rich and has a major transcrip-
tion initiation site determined 2,125 bp upstream from the translational start site, in
contrast to [12, 127]. Constructs consisting of the luciferase gene and up to 500 bp
of the 5′-transcription initiation site showed transcriptional activity in SK-N-SH
cells but not COS-7, CHO (Chinese hamster ovary), NB41A3 and SK-N-MC cells.
Deletion analysis indicated that the regulatory region of the D5 dopamine receptor
gene has a positive modulator at 119–182 bp and a negative modulator 251–500
bases upstream from the transcriptional start site in the neuroblastoma cell line SK-
N-MC cells. This information resulted in an understanding of the regulatory control
mechanisms of the human D5 dopamine receptor genes. In addition, even though
a polymorphic dinucleotide (TC) repeat in the promoter region of the human gene
was identified and demonstrated to have transcriptional activity in human neurob-
lastoma cells (SK-N-SH), there were no significant differences in the functional
effect of these genetic variants [128]. To date there are no reports on the 5′-flanking
regions of the D5 dopamine receptor gene from other species.
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Chapter 3
Structural Basis of Dopamine Receptor
Activation

Irina S. Moreira, Lei Shi, Zachary Freyberg, Spencer S. Ericksen,
Harel Weinstein, and Jonathan A. Javitch

Abstract G protein-coupled receptors (GPCRs) are seven transmembrane (TM)
proteins representing the largest and most universally expressed cell surface recep-
tors and are present in almost all species and in a wide variety of cells. Here we
will focus our attention on the catecholamine-binding GPCRs and in particular
on the dopamine receptors. The catecholamine-binding GPCRs form a group of
rhodopsin-like GPCRs composed of adrenoceptors, which are endogenously acti-
vated by epinephrine and norepinephrine, and dopamine receptors. We review the
different “molecular switches” involved in GPCR activation and we emphasize the
importance of extracellular loop 2 (ECL2) in ligand binding. A better understand-
ing of the functional role of ECL2 can be achieved after the release of the crystal
structures of B2AR and rhodopsin, which are consistent with dopamine D2 receptor
substituted cysteine accessibility method (SCAM) experimental data. Even though
reconstituted GPCR monomers appear sufficient to activate a G protein, in the
native setting their dimerization/oligomerization may modulate activation through
changes at the dimerization interface or a larger-scale reorientation of the pro-
tomers. Therefore, the structural aspects of oligomerization and their importance
for receptor activation and signaling are also addressed.

Keywords Catecholamine-binding GPCRs · Dopamine receptors · Binding
site · ECL2 · GPCR oligomerization · GPCR–G Protein interaction · Activa-
tion · Structural rearrangements

3.1 Introduction

G protein-coupled receptors (GPCRs) are seven transmembrane (TM) proteins rep-
resenting the largest and most universally expressed cell surface receptors. GPCRs
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are present in almost all species and in a wide variety of cells [1–8]. They play
important roles in a broad array of cellular functions and in disease and represent
the targets for a large fraction of existing drugs [9–12]. GPCRs are classified into
three major classes based on the size of the N termini, on sequence homology,
the identity of conserved residues within the seven TM domains that participate
in ligand binding, mode of action, and pharmacology [13, 14]. The largest fam-
ily is Class A (more than 90%), which comprises rhodopsin as well as receptors
for biogenic amines, peptides, and odorants. Class B receptors are a much smaller
group and include receptors for large peptides such as secretin, cytokines, thrombin,
and glucagon. Class C receptors (comprised of approximately 12 members) include
the γ-aminobutyric acid B receptor (GABAB), eight metabotropic glutamate recep-
tors, the Ca2+ sensing receptor, as well as some pheromone and taste receptors [15].
GPCRs, upon ligand binding, induce dissociation of G proteins into their Gα and
Gβγ components and ultimately modulate the activity of enzyme or ion channel
effectors [5, 16–19].

Structurally, GPCRs are made up of seven TM segments connected by three
intracellular and three extracellular loops (ICL, ECL), and Class A receptors share
important functionally conserved sites identified as structural motifs that act as
functional microdomains, such as the D(E)RY motif in TM3 and NPXXY in TM7
[8, 20–28]. The first GPCR structure, bovine rhodopsin, was solved in 2000 [29],
and there was much anticipation that many other GPCR structures would be rapidly
forthcoming. Although a number of different rhodopsin structures were solved,
7 years passed without any other GPCR structures, in support of the unique bio-
chemical properties of rhodopsin, including its high abundance and its unusual
stability, retaining function under conditions that denature other GPCRs, due to
the covalently bound 11-cis-retinal, which maintains the receptor in an inactive
conformation [30–32].

At the end of 2007, two new crystal structures of the human β2 adrenergic
receptor (B2AR) were solved, including the wild-type receptor bound to an anti-
body fragment and an engineered receptor with T4 lysozyme inserted into the third
intracellular loop [31–33]. Although the B2AR crystallographic structures are quite
similar to rhodopsin with a root mean square deviation of 1.6 Å, there are some inter-
esting differences, which impact on considerations of the structure of the dopamine
receptor family, for which a structure is not yet available. Very recently two new
structures of the β1 adrenergic receptor [34] and the adenosine A2 receptor [35]
have been solved, and while there are interesting differences, the overall structures
are again quite similar.

Here we will focus our attention on the catecholamine-binding GPCRs and in
particular on the dopamine receptors. The catecholamine-binding GPCRs form a
group of rhodopsin-like GPCRs composed of adrenoceptors, which are endoge-
nously activated by epinephrine and norepinephrine, and dopamine receptors [36].
For the adrenoceptors, there are three main classes based on their pharmacological
properties, amino acid sequences, and signaling mechanisms. These adrenoceptor
classes were subsequently divided in humans into three subtypes each: α1 (α1A,
α1B, α1D), α2 (α2A, α2B, α2C), and β (β1, β2, β3). These receptors respond to the
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neurotransmitters/hormones, norepinephrine and epinephrine, which play key roles
in regulation of cardiovascular function, energy metabolism, and blood pressure
[15]. In contrast to adrenoceptors, dopamine receptors in human are divided into
two classes: D1-like receptors (D1A or D1 and D1B or D5) and D2-like receptors
(D2, D3, and D4). While sharing some common properties, each receptor displays
unique properties including affinity for dopamine, specificity for G protein cou-
pling and signaling, and specific neuronal distributions [37]. Furthermore, in the
case of the D2 receptor (D2R) subfamily, there are two isoforms: the long iso-
form D2L and the short isoform D2S, generated by alternative splicing of an 87-bp
exon. This splicing event leads to an additional 29 amino acids in the ICL3 of the
isoform D2L [38].

3.2 Transmembrane Segments and Activation

TM segment interactions are a key determinant in the assembly and stability of the
native structure of membrane proteins [39–41]. As the sequence conservation within
the membrane-spanning regions is high, it is thought that class A GPCRs share a
similar architecture [16, 17, 41, 42], which has been supported to date by the four
different receptors for which we have crystal structures. The catecholamine-binding
GPCRs share within their TM regions 20–26% sequence identity with rhodopsin
[36]. For example, the sequence identity between the TM domains of rhodopsin and
B2AR is 21%, between rhodopsin and D2R is 25%, and between D2R and B2AR is
38% [36].

Some of the most important features of the TM domains are the kinks and bends
generated by prolines and glycines, respectively [23, 43–46]. Serines, threonines,
and cysteines can also bend the α-helices that constitute the TM domains [24, 47].
In rhodopsin, TM1 possesses a proline-induced kink that bends it inward, toward
the helix bundle. It was proposed that other GPCRs, which do not have this proline
in TM1, including the D2R, might be packed somewhat differently with TM1 more
distant from the bundle [8, 24, 48]. Consistent with such an orientation of TM1,
the extracellular segment of TM1 of D2R did not seem to contribute to the bind-
ing site based on substituted cysteine accessibility method (SCAM) studies [8, 49].
The B2AR 3D structure validated this hypothesis because its TM1 is comparatively
straight [32]. Moreover, although the TM segments in rhodopsin and B2AR have
similar orientations, there are some differences: the angles between TM1, TM3, and
TM6 and the membrane are different from their counterparts in rhodopsin, TM4 is
translated away from the center of the receptor, and TM5 is translated closer to the
center of the receptor [32].

It is hypothesized that GPCRs exist as an ensemble of various conformational
states that are in a dynamic equilibrium, and that agonist binding and subse-
quent activation occur through a series of conformational intermediates [50, 51].
Ligands have the ability to stabilize or possibly induce specific conformations [52].
Mutations that disrupt stabilizing non-covalent interactions favor more active recep-
tor conformations by increasing the movement of the TM segments relative to
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each other [52]. Although there are different ligand-binding modes in the different
GPCR classes, activation processes are thought to result from similar conforma-
tional changes involving the TM domain [53–59]. In particular, rotation and outward
movement of TM6 likely open a crevice allowing for interaction with the C terminus
of the G protein α-subunit and triggering GPCR activation [59–61].

Many GPCRs show a considerable amount of basal, agonist-independent activity,
reflecting GPCR structural flexibility and the existence of conformational ensembles
[52]. The study of constitutively active GPCRs has contributed to our understanding
of the activation mechanism [57, 62–65]. Mutation of certain residues in GPCRs
significantly increases their constitutive activation [66, 67] by breaking crucial
intramolecular interactions between amino acid residues that normally constrain the
receptor to its inactive state [21, 24, 62]. Many residues that produce constitutive
activation when mutated are linked through packing interactions with residues that
are essential for receptor activation by side chain rearrangement on adjacent TMs
and/or by larger-scale TM movements [62, 68–70]. Some of the most well-known
constitutively active mutants (CAMs) are those that disrupt the highly conserved
(D/E)R(Y/W) amino acid sequence present in 72% of class A GPCRs. By contrast,
an “ionic lock” is crucially involved in maintaining the inactive state of the receptor
[21, 24, 71–73]. This is exemplified in a network of hydrogen bonding and charge
interactions between Glu1343.49 and Arg1353.50 at the cytoplasmic end of TM3 and
Glu2476.30 and Thr2516.34 at the cytoplasmic end of TM6 of rhodopsin (Ballesteros
general number in the superscript [7]) [23, 24, 74]. In the B2AR structures, the
“ionic lock” is broken, which may account for the residual basal activity of the
B2AR bound to the inverse agonist carazolol [31, 33, 51]. Recent computational
studies suggest that the ionic lock dynamically forms and unforms in association
with conformational change in ICL2 [75].

Besides the “ionic lock,” there are other “molecular switches” involving non-
covalent intramolecular interactions that must be altered to achieve an active state.
The “rotamer toggle switch” involves Phe2906.52, which is accessible in the binding
site crevice and serves as a “sensor,” a change in the bend of TM6 at the highly
conserved residue Pro2886.50, and a change in the rotamer of Trp2656.48 upon acti-
vation of rhodopsin and related family members [46]. Although carazolol does not
directly interact with the “toggle switch” in the B2AR TM6, it seems to modulate the
rotameric state of Trp286 indirectly by interacting with Phe2896.51 and Phe2906.52

[31–33, 76, 77]. These kinds of molecular switches can be studied experimentally
and computationally [6, 25, 71, 72].

3.3 The Binding Site

SCAM studies, experimental approaches such as studies of chimeric receptors and
point mutants, as well as molecular modeling allowed for the identification of amino
acids that line the putative binding pocket of the D2R [48, 78–96] (Fig. 3.1). The
findings for D2R are in agreement with results for other catecholamine-binding
receptors [36]. The binding crevice has two polar regions common to all these
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Fig. 3.1 N-Methylspiperone (MSP) docked into the binding site crevice of the dopamine
D2 receptor (D2R). Panel (A): From an extracellular perspective, TMs 1–7 are colored
from blue to red. MSP (carbon magenta, stick) is nestled in the binding site and capped
by EL2. D2R side chains within 4 Å of MSP are shown (carbon white, stick) and
labeled according to the Ballesteros and Weinstein indexing system. Residues in EL2,
Ile183EL2(C+1), and especially Ile184EL2(C+2) (labeled in yellow), provide substantial hydropho-
bic contacts to the ligand. Other residues within 4 Å of MSP are Val912.61, Leu942.64,
Phe1103.28, Val1113.29, Asp1143.32, Val1153.33, Cys1183.36, Leu1714.61, Cys182EL2(C 0),
Val1905.39, Ser1935.42, Ser1945.43, Ser1975.46, Trp3576.48, Phe3606.51, Thr3837.39, and Tyr3877.43

[D2R (short) UNIPROT sequence P14416-2]. Panel (B): To emphasize the hydrophobic packing
of the EL2 and crevice residues with bound MSP, the contact side chains from A are rendered as
van der Waals spheres. TMs are numbered. Panel (C): Peering into the crevice from a side view
(TMs 6–7 are removed) reveals some key interactions between MSP and the D2R binding site
crevice and EL2. Key interactions include a hydrogen bond-reinforced ionic interaction between
Asp1143.32 and the ligand’s amine moiety, deep occupancy of the MSP’s phenyl-imidazolidinone
group in the primary binding cleft centered between TMs 3 and 5–6, and contacts between the flu-
orophenyl group with residues in EL2 and TMs 2,3, and 7 (not shown). Missing from this view are
the aromatic contacts from TM6 to the ligand’s piperazine and phenyl-imidazolidinone moieties
and potential hydrogen bonding between Thr3837.39 and Tyr3877.43 and the butyrophenonyl keto
group. Panel (D): Same view as Panel C with side chains rendered as van der Waals spheres. EL2
contact residues are labeled in yellow. TMs are numbered
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receptors: Asp3.32, which forms ionic interactions with the protonated amine of
biogenic amines, and Ser5.42, Ser5.46, and Ser5.43 of TM5, which interact by hydro-
gen bonding with the meta-OH and para-OH of the catecholamine. The β-hydroxyl
group of (nor)epinephrine, which is not found in dopamine, interacts with Asn6.55.
Phe5.47, Trp6.48, Phe6.51, and Phe6.52 are also expected to interact with the aro-
matic ring of the ligands [36]. In an exhaustive computational study, Xhaard et al.
[36] demonstrated that the docked ligand tends to be in an extended conformation
because Asp3.32 and TM5 residues are distant from each other, at the opposite ends
of the binding pocket.

Prior to the determination of the crystal structure of rhodopsin, Simpson et al.
[91] used data from SCAM studies to guide an exploration of the structural basis
of the pharmacological specificity of D2R and D4R. Combined substitution of
four to six of the residues that faced the binding site crevice in the D2R but
were not conserved in the D4R switched the affinity of the receptors for several
chemically distinct D4-selective antagonists by three orders of magnitude in both
directions (D2- to D4-like and D4- to D2-like). The mutated residues were in TM2,
TM3, and TM7 and were predicted to form a divergent cluster that differentiated
D2R and D4R binding, which has been supported as well by subsequent studies
[94, 95, 97]. Ortore et al. [98] have docked different ligands to both D2R and D4R
and have proposed that another difference between the two receptors seems to be
due to the extracellular loop 2 (ECL2) region (see below), which is differentially
situated in the receptor models, although it should be noted that loop modeling
is a complex and developing science [99, 100]. Ligand binding to many mem-
bers of the GPCR family is regulated allosterically by cations. For example, Na+

is important for the D2R, and Zn2+ was shown to interact with D1, D2, and D4
receptors [101].

3.4 Extracellular Loop 2

It is widely accepted that the extracellular loops (especially ECL2) are of great
importance for accommodating high molecular weight GPCR ligands (peptides and
proteins). In the rhodopsin structure ECL2 forms a lid-like structure over retinal, but
the precise role of ECL2 in binding other lower molecular weight, drug-like ligands
is less clear [102]. In more than 800 GPCRs encoded in the human genome, the aver-
age size of ECL2 is 27 residues, with a deviation of 13 residues [103]. For nearly
all rhodopsin-like GPCRs, the disulfide bond between Cys3.25 (Cys-107 in D2R)
and the conserved Cys in E2 (Cys_e2, Cys-182 in D2R) connects ECL2 with the
extracellular end of TM3, and this disulfide bond (SS-E2) is crucial to the structural
integrity and function of many GPCRs. This disulfide bridge is found in more than
90% of GPCRs [14, 103]. The removal of SS-E2 by mutagenesis severely disrupts
ligand binding to muscarinic acetylcholine receptors [104, 105] and destabilizes the
high-affinity state of the B2AR [106]. Moreover, antagonist protected the B2AR
from the effects of reduction by dithiothreitol [107]. Thus, SS-E2 is protected by a
conformational change or steric block within the binding site.
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In rhodopsin, ECL2 forms a twisted, buried β-hairpin structure that folds deeply
into the TM domain with one strand contacting retinal and forming interactions with
other extracellular loops [102]. It forms a lid-like structure that shields the retinal
in a hydrophobic pocket [51]. The orientation of ECL2 is maintained by the SS-E2
described above [29, 108].

Several reports have implicated ECL2 in ligand specificity in aminergic and other
small molecule ligand GPCRs. Zhao et al. [109] found that substitution of three
consecutive residues in ECL2 interconverted the ligand specificity for particular
antagonists between that of α1BAR and α1AAR. Substitution of a single residue in
ECL2 interconverted the pharmacological specificities of canine 5-HT1D and human
5-HT1D receptor [110]. Similarly, substitution of ECL2 and TM5 changed the sub-
type specificity of the 5-HT1D receptor to that of the 5-HT1B receptor and vice
versa [111]. Thus, although it has been argued that the presence of ECL2 within the
TMD may be a feature unique to rhodopsin [112, 113], it has also been proposed
that ECL2 contributes directly to forming the binding site of aminergic and certain
other small molecule ligand GPCRs [114]. To address this issue, SCAM studies
were carried out in the short ECL2 of D2R [115]. The reaction of five of these
mutants with sulfhydryl reagents inhibited antagonist binding, and bound antago-
nist protected two, I184C and N186C, the second and fourth residues after the highly
conserved Cys_e2 (C+2, C+4). The pattern of accessibility in ECL2 was consistent
with a structure similar to that of bovine rhodopsin, in which E2b, the part of ECL2
C-terminal to the conserved disulfide bond, is deeper in the binding site crevice than
is E2a, the N-terminal part of ECL2, and E2b was inferred to contribute directly
to the binding site in the D2R and probably in other aminergic GPCRs as well
(Fig. 3.1).

More recently, the effects of ECL2 mutations on agonist and antagonist binding
have been studied in the V1a vasopressin receptor (Class A) ECL2 by a systematic
alanine-scanning mutagenesis technique that identified four aromatic amino acids,
located in the middle of the ECL2 near the conserved disulfide bond and conserved
throughout this subfamily of peptide GPCRs, as important for agonist binding and
receptor activation [116]. Trp206(C+1) and Phe209(C+4) were hypothesized to be
important for ligand binding and Tyr218(C+13) and Phe189(C-16) appear to be impor-
tant for orientation/stability of ECL2 over the binding pocket [116]. Furthermore,
Klco et al. showed that disruption of ECL2 of the complement C5a receptor (C5aR)
by random mutagenesis generated many receptors able to activate G proteins even
in the absence of ligands [14]. The authors postulated that ECL2 acts as a nega-
tive regulator of C5aR activation possibly by making multiple contacts with the TM
domain to stabilize the inactive state.

Through their studies of the serotonin 5-HT4(a) receptor Baneres et al. have sug-
gested the existence of different arrangements of ECL2 depending whether the
bound ligand was an agonist (partial or full) or an inverse agonist [117]. In con-
trast, antagonist binding was inferred not to induce any structural changes of ECL2.
Therefore, as in the case of D2R, ECL2 appears to participate in the binding site
and rearranges upon activation. Despite the constraint provided by the conserved
disulfide bond between ECL2 and the top of TM3, Avlani et al. showed that the
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flexibility in ECL2 of the muscarinic acetylcholine M2 receptor (M2 mAChR) and
its capacity to achieve an open conformation is necessary for the binding of both
allosteric and orthosteric ligands [4]. They postulated ECL2 as a gatekeeper with
respect to entrance into the orthosteric binding site crevice.

Other studies stress ECL2’s importance for ligand binding as in the M3 mus-
carinic acetylcholine receptor (M3R) and the thyroid-stimulating hormone receptor
(TSHR). ECL2 of the M3R was subjected to random mutagenesis. In contrast to the
model proposed by Klco et al. [14], the results of this study suggested that specific
ECL2 residues stabilize the active state of the M3R, and are required for efficient
agonist-induced M3R activation [108]. The authors also proposed a mechanism in
which conformational flexibility in the ECL2 loop is required for efficient receptor
activation [108]. Kleinau et al. suggested an activation mechanism in which TM6
glides along ECL2 according to the diverse receptor activation states. Disruption
of this critical interface by introduction of mutations in the TSHR alters its basal
activity [118].

The crystal structure of B2AR provided the first non-rhodopsin ECL2 structure
with which to address these hypothesized functional roles. The conformation of
B2AR ECL2 and its orientation to the TMD are significantly different from that in
rhodopsin, rendering the binding site crevice of B2AR directly exposed to the water
phase [31–33]. Strikingly, however, the ligand-binding residue positions in E2b of
rhodopsin and B2AR are remarkably consistent, if counted from CysE2, namely the
C+2 and C+4 positions, even though rhodopsin has eight extra residues between
CysE2 and the start of TM5 at position 5.36. This is in remarkable agreement with
the SCAM studies in D2R [115], in which protection by antagonist suggests that the
same two positions, Ile184 and Asn186, face the binding site crevice. In this study
several residues in D2R were also found to be accessible to MTS reagent but not
protected by ligand, and these were proposed to line the ligand entry pathway. This
is most obvious in the C+1 position, because E2b can easily be aligned between
D2R and B2AR, whereas E2a varies significantly. In the B2AR structure, C+1 is
in the vestibule through which the extracellular milieu gains access to the bound
carazolol [31–33]. Given the consistency between the D2R SCAM experimental
data for ECL2 with both the rhodopsin and B2AR structures, it is likely that C+2 and
C+4 play an important role in ligand binding in the other catecholamine receptors
as well, and play an important role in ligand specificity (see Fig. 3.1).

3.5 GPCR Oligomerization

Class C GPCRs, including the metabotropic glutamate receptors and γ-
aminobutyric acid type B (GABAB) receptors, have been shown to form homo- and
heterodimers in the plasma membrane, with important consequences for trafficking
of receptors to the cell surface and for ligand-induced activation and G protein cou-
pling [119]. Class C GPCRs have unique characteristics with dimerization potential:
an N-terminal Venus flytrap (VTF) module with structural and functional homology
to bacterial periplasmic proteins [120], and cysteine-rich domains (CRDs) [121].
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Although the formation of dimers for Class C GPCRs is clear, there is still some
controversy regarding the existence of dimers in Class A receptors [122, 123].
Nonetheless, there is increasing agreement that Class A GPCRs can interact to form
homo- or heterodimers/oligomers [40, 124–149]. Evidence for dopamine receptor
homo- and heteromerization is reviewed extensively in Chapter 10; here we focus
on structural aspects of oligomerization and the relationship of oligomerization to
receptor activation and signaling.

For rhodopsin, dimers and higher-order oligomers have been visualized in disc
membranes by atomic force microscopy [150], and an oligomeric arrangement
has been inferred in its native environment [12, 151]. Oligomerization also has
been inferred from ligand-binding studies [132, 152–155]. Guo et al. recently
demonstrated using biophysical and biochemical approaches that the D2R forms
higher-order oligomers in living cells at physiological levels of expression [147].

3.5.1 GPCR Oligomerization and Signaling

What is physiologically most relevant is understanding the role of the dimeric
or oligomeric organization of GPCRs in signaling [156, 157]. Indeed, one of the
great challenges in GPCR biology today is strengthening the weak mechanistic link
between the physical interactions of receptors in the membrane and signaling cross
talk of presumed heterodimers or hetero-oligomers. There is a great deal of evi-
dence from many laboratories that many GPCRs interact as heterodimers (reviewed
in [158, 159]). As indicated above, a number of findings support the existence of
higher-order homo-oligomers as well [150, 155, 160, 161]. This raises the possi-
bility that GPCR heteromers may interact not as heterodimers per se but rather as
higher-order hetero-oligomers composed of homodimer subunits.

A large number of studies have demonstrated signaling cross talk between coex-
pressed GPCRs [162]. In almost all cases, however, the mechanistic link between
heteromerization and signaling is tenuous. Although activation of two coexpressed
receptors may be essential, signaling cross talk could nonetheless take place down-
stream of parallel homomeric receptor-mediated G protein activation and in such a
case would not be a direct result of heteromeric signaling. Such a downstream cross
talk mechanism, while often ignored, is very difficult to rule out. One example of
this complexity is a recent fascinating study of a putative D1–D2R heterodimer that
has been carried out both in heterologous cells [163] and in the brain [164]. These
receptors appear to be coexpressed in some neurons in vivo [164]. In heterologous
cells they have been inferred to physically interact based on fluorescence resonance
energy transfer (FRET) [165, 166] as well as co-internalization [167, 168] and co-
retention of mutants [169]. Activating both D1 and D2Rs leads to Gq-mediated
signaling [163, 164], whereas D1 signaling is normally Gs/olf mediated and D2 sig-
naling is normally Go/i mediated. These findings are intriguing and open exciting
avenues of drug design targeted selectively to specific heteromers [170]. However,
the plot appears thicker, as D1R-mediated Gq signaling has been observed in the
brain [171, 172] where in some studies it has been shown to be insensitive to D2R
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blockade [173], suggesting a role for other cellular factors in the coupling of D1R
to the Gq pathway. Evidence for a priming effect for D1R-mediated Gq signaling is
an example of such a potential mechanism [174, 175].

D2R has also been reported to interact with the dopamine D3 receptor (D3R), and
coexpression of D2 and D3 receptors has been reported to modulate the function of
both receptors [176, 177]. More recently the D2R has been shown to modulate and
to physically associate with the dopamine transporter as well [178, 179].

In addition to its reported interactions with receptors from the dopamine sub-
family, there is a substantial literature on heteromerization of D2R with multiple
other Class A receptors. There is evidence for direct physical interaction between
D2R and the SST5 somatostatin receptor [180], D2R and adenosine A2A receptor
[181, 182], and D2R and CB1 cannabinoid receptor [183]. In each of these cases,
changes in signaling were observed upon receptor coexpression, with either altered
D2R pharmacology by the partner protomer and/or an alteration in the properties
of the partner in response to drugs acting at the D2R. In the case of the D2R–CB1
heteromer, dual-agonist mediated activation of Gs was reported, although neither
receptor alone is able to activate this Gα subunit [183]. These results are intriguing
and suggest the possibility of an untapped level of pharmacological diversity for
new compound development, as well as a host of potential roles for in vivo signal-
ing specificity for these putative heteromers. However, in none of these studies is
it possible to rule out downstream signaling cross talk and thus to establish incon-
trovertibly that direct signaling by the D2R heteromer is responsible for the cross
talk.

Such a mechanistic interrogation of heteromeric signaling in Class A GPCRs
has been difficult. Our mechanistic understanding of the functional role of GPCR
dimerization is more advanced in the Class C receptors, due in part to the availabil-
ity of a clever adaptation of the endoplasmic reticulum (ER) retention signal from
the GABAB receptor to enable controlled cell surface expression and signaling by
defined metabotropic glutamate receptor (mGluR) heterodimers [184]. These stud-
ies have shown evidence for asymmetric activation of the heterodimer [185, 186].
Furthermore, one agonist can activate the dimer, but two agonists are required for
full activation [187]. In addition, within the same Class C, T1R3 taste receptors
are known to form functional heterodimers with either T1R1 or T1R2 in order to
respond to a large panel of ligands and to trigger umami and sweet taste sensations,
respectively (reviewed in [188]).

Unfortunately, related approaches with ER retention signals have been unsuc-
cessful in Class A receptors, and it has not been possible to differentiate clearly
the role of each subunit in homomeric and heteromeric signaling with coexpressed
receptors. However, multiple lines of study do suggest interaction between Class
A receptors in a heteromeric functional unit. Thus, for example, ligand-binding
dissociation kinetics have recently been linked to the GPCR dimerization process
(reviewed in [189]). In chemokine receptor heteromers, a CCR2-selective drug
accelerates the dissociation of a CCR5- or CXCR4-selective drug when the recep-
tors are coexpressed in heterologous cells and in native lymphocytes [190–192].
Moreover, although it remains to be proven conclusively, it seems reasonable to
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infer that bivalent drugs engaging two different receptors, i.e., heteromer-selective
compounds, might act simultaneously on two protomers in a heteromer and thereby
directly activate downstream heteromer-specific signaling machinery [193–195]
raising the possibility of their selective therapeutic potential [196]. Although there
is evidence of G protein signaling by coexpressed nonfunctional receptor chimeras,
this was proposed to occur by transmembrane domain swapping [197], which is
unlikely to be universal [198]. Curiously, coexpression of two loss of function gly-
coprotein hormone receptors (receptors with either agonist binding or the ability to
activate G proteins compromised) [199–201] led to function, but among Class A
receptors such rescue seems to be limited to glycoprotein hormone receptors, which
have very large extracellular N-terminal binding sites. This is similar to the trans-
activation seen in the Class C GABAB receptor, in which agonist binding to one
protomer signals to G protein through the second protomer [184].

Another major question facing the field is the relationship between findings
in heterologous cells and in ex vivo or in vivo cell systems. Most studies have
focused on heterologous cells, but new approaches are being developed, includ-
ing heteromer-specific antibodies (L. Devi, personal communication) as well as
transgenic approaches with modified receptors.

Recent studies of purified B2AR and rhodopsin reconstituted into nanodiscs
[202, 203] or in detergent solution [204] have demonstrated clearly that these recep-
tors as monomers can activate G proteins. If, however, these receptors are indeed
organized as dimers (or higher-order units) in native membranes, these elegant bio-
physical studies beg the physiologically relevant question. That is, if the receptors
are capable of functioning as monomers but are closely associated as dimers or
oligomers in the membrane, then what functional role does the second protomer
play in drug binding and G protein activation? For example, in the GABABB recep-
tor the GB2 subunit is necessary for high-affinity binding of agonist to GB1 [205].
Studies in the D2R indicate that conformational change at the TM4 dimer inter-
face is part of the receptor activation mechanism [145], although we cannot as yet
establish whether this is achieved by changes in one or both protomers. Similarly, in
the LBT4 Baneres and colleagues have shown evidence receptor for conformational
changes in protomer B upon agonist binding to protomer A [185], again consistent
with a role for the dimer interface in activation.

3.5.2 GPCR Oligomers – Structural Considerations

Dimer interface has been the subject of various studies over the years because of
its crucial value in elucidating the structural mechanism(s) for cross talk between
receptors within an oligomeric arrangement [145]. Guo et al. have shown that in the
D2R TM4 forms a symmetrical dimer interface and that a conformational change
at this interface is part of the receptor activation mechanism [145, 206]. Based
on atomic force microscopy (AFM) maps of rhodopsin, Liang et al. proposed an
oligomeric model in which TM4, TM5, and ECL2 form a dimeric interface, whereas
contacts between TM1, TM2, and the cytoplasmic loop connecting TM5 and TM6
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facilitate the formation of oligomers [151, 160, 207, 208]. TM1 and TM4 were
postulated to be the most common interfaces of oligomerization by a correlated
mutation analysis-based method [143, 144, 209].

It is unclear if other dimer orientations are also permissible [119]. For exam-
ple, besides TM4 and TM5 of rhodopsin [160], other TMs have been implicated in
dimer interfaces [210]: TM6 of the β2-adrenergic, cholecystokinin, and leukotriene
B4 receptors [211, 212], TM5 and TM6 of the adrenergic–muscarinic chimera
[213–216], TM1 and TM4 of the D2R [145, 147, 206], TM1 and TM7 of the α-
adrenergic receptor [217], TM1 and TM4 of the chemokine receptor [218], TM4,
TM1, and TM5/6 in the β1-adrenoceptor [130], TM1, TM2, and TM4 in the
complement C5a [219], and TM5 in the adenosine A2A receptor [220].

Bouvier et al. showed that a peptide derived from the TM6 of the B2AR inhibits
dimerization of these receptors and proposed a helix–helix interaction involving
a conserved GxxxG motif on TM6 [221]. Although TM1 and TM4 can form
simultaneous symmetric interfaces in an oligomeric structure [147], TM6 cannot
form a symmetrical interface in this oligomer, although it might contribute to an
asymmetrical interface.

3.5.3 Oligomer Rearrangements upon Activation

Even though GPCR monomers appear sufficient to activate a G protein [122, 202,
203, 222], their dimerization may modulate this activation through changes at the
dimerization interface or a larger-scale reorientation of the two subunits [145, 147,
162, 223, 224]. Cross-linking in the D2R homodimer suggested a conformational
rearrangement at the TM4 dimer interface upon receptor activation, passing from
a conformation consistent with the 1N3M pdb file to an alternative TM4 interface
[145, 147]. Consequently, the D2R inactive state is consistent with the AFM model
while the active state is consistent with a squid rhodopsin electron cryomicroscopy
(ECM) model [145, 147]. Consistent with this proposal, cross-links of the TM4
interface activated D2R, even in the absence of agonist [145, 147]. This idea was
substantiated by recent studies. Brock et al. showed that an agonist-induced rear-
rangement may indeed occur in the activation of the dimeric metabotropic glutamate
receptors [225]. Similarly, a possible dimeric rearrangement was also observed in
the mGluR1α receptor. Upon ligand binding, although the distance between ICL1
and ICL2 in each protomer is unchanged, the distance between the ICL1s becomes
larger, whereas that between ICL2s becomes smaller [226]. Damian et al. have also
shown that in the leukotriene B4 (LTB4) receptor, conformational changes take place
in one of the protomers upon activation of the other [185].

These observations suggest that in addition to the activation-related conforma-
tional changes within a GPCR protomer after activation (mainly a conformational
change in TM6 and an associated opening of a binding cleft for G protein between
TM6 and TM3) [227], it seems that a rearrangement of the interface of the two
protomers is also vital for activation [145, 147]. Mechanisms that might account
for this conformational rearrangement include a rigid body clockwise rotation of
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contacting TM4s upon activation, protomer displacement involving a large move-
ment and reorganization, or partner change among protomer partners [145, 147],
although Niv et al. found using computational methods that rigid body rotation of
interacting TM4s is an unlikely mechanism [228].

3.5.4 GPCR Oligomerization and GPCR–G Protein Interactions

MGlu receptor heteromers have been inferred to activate with individual protomers
in an asymmetrical relationship [186, 229]. For the BLT1 receptor, the active form
of the receptor dimer also is nonsymmetric with only one subunit reaching the fully
active state [230]. A single agonist per dimer appears to be sufficient for activation
of heterodimeric receptors such as GABAB [205, 231] and T1R receptors [232].
Similar findings have been reported for the mGlu receptor [187], but other findings
in mGlu receptors suggest that activation by agonist binding to both protomers pro-
duces greater activation [187]. G protein-specific interactions have been proposed to
account for such asymmetric behavior [185, 233, 234]. Jastrzebska et al. speculated
that activation of a GPCR dimer could be achieved by a single protomer and that
the combination of interactions including the regions of specific trimeric G proteins
and two protomers facilitates more efficient coupling [235].

In the classic view, supported by innumerable mutagenesis studies of GPCRs, a
monomeric GPCR interacts through ICL2, ICL3, and/or proximal carboxyl-terminal
regions with a single heterotrimeric G protein. Structural studies of the receptor–G
protein interface have led to the identification of several points of contact between
the G protein and the receptor on both α- and β/γ-subunits [236]. When the first
crystal structure of a heterotrimeric G protein was solved, it was argued that the
surface area of a GPCR monomer was too small to account for the simultaneous
interaction with both α- and β/γ-subunits of a G protein [29, 60, 236–238]. A sin-
gle G protein molecule might instead interact with a GPCR dimer [19, 29, 160,
236, 239–241]. Consistent with this, Baneres and Parello have shown that activated
leukotriene B4 (LTB4) receptor BLT1 dimer and Gα12β1γ2 form an assembly con-
taining one G protein heterotrimer and one receptor dimer (242). If the signaling
unit is a GPCR dimer complexed with a heterotrimeric G protein, then both cis- and
trans-activation between two protomers may occur [145].

In recent years, increasing attention has been placed on developing an improved
understanding of the interaction between G proteins and the D2R. Senogles et al.
have demonstrated that random point mutations in the ICL3 of D2Rs modify Gi
protein coupling specificity. Specifically, ICL3 mutations R233G and A234T alter
the predicted helical character of ICL3 and disrupt the D2Rs/G protein interface
[243]. Moreover, a receptor-mimetic peptide derived from the N terminus of D2R
ICL3 (D2N) directly activates Gi/Go proteins [244, 245]. The crystallographic struc-
ture of D2N with Gαi1 has further elucidated D2N/G protein interactions, suggesting
that the α4/β6 region of Gα (residues Q304/E308 and T321) is connected to a short
basic cluster of D2N and 11RRRK14 (corresponding to 216RRRK219 in human D2R)
[246].
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3.5.5 Consequences of GPCR Oligomerization

One of the most fundamental aspects of oligomerization is its importance for GPCR
pharmacology. Ligand binding to GPCRs may result in changes in the binding
characteristics of additional ligands targeting the same GPCR, creating a coop-
erative effect on the binding of another GPCR through an allosteric mechanism
[247–249]. Stabilization of a particular conformation of the dimer by a bifunc-
tional agonist might lead to an increase of specificity and efficacy of the signaling
[250]. A number of different functionalities and pharmacologic characteristics have
been reported and attributed to the generation of GPCR heterodimer/oligomer com-
plexes. Nevertheless, it is crucial to keep in mind that these effects can not only be
attributed to direct protein–protein interactions but also to indirect effects produced
via downstream signaling and feedback control [251].

The capacity of a GPCR to alter the binding affinity of its binding partner may
ultimately be applied clinically in future drug development. More than 50% of all
drugs with annual worldwide sales of more than $50 billion regulate the function
and activity of many GPCRs in attempts to treat various diseases and disorders
[131, 252]. As previously mentioned, GPCR dimerization is important prior to
plasma membrane delivery, and incorrect folding may interfere with dimerization
and can lead to alteration in cell surface delivery and function [253–255]. In design-
ing potential drugs that may take advantage of our growing knowledge of GPCR
structure and function, taking into account oligomerization and heterodimer for-
mation may be critical. Moreover, since receptor heterodimers can generate distinct
signals from their corresponding homodimers, understanding the structural basis for
higher-order receptor structure may offer a means to improve tissue selectivity and
improve drug therapeutic function [251].
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Chapter 4
Dopamine Receptor Subtype-Selective Drugs:
D1-Like Receptors

David E. Nichols

Abstract A survey is presented of the development of dopamine D1 receptor-
selective drugs, including agonists and antagonists. It is noted that there are
presently no ligands that are specific for the D1 vs the D5 receptor isoforms. A gen-
eral discussion is presented on the structure–activity features of D1/D5 selective
agents, with the conclusions developed that all known full D1 agonists must contain
a catechol moiety and, in addition, require the presence of a hydrophobic moiety
(typically a phenyl ring) in the region adjacent to the beta side chain carbon of
the embedded dopamine fragment. This latter structural feature is so crucial that
when added to a noncatechol ergoline it gave a D1-selective partial agonist. Present
evidence indicates that D1 agonists may be therapeutically useful in the treatment
of Parkinson’s disease, as well as improving cognition and working memory in
schizophrenia and age-related cognitive decline. No D1 agonist has yet been com-
mercialized, and that seems largely due to the difficulties of oral bioavailability for
catechol-containing drugs.

Keywords D1 · D5 · Apomorphine · Phenylbenzazepine · Isochroman · Dihydroxy-
nomifensine · Dihydrexidine · ABT-431 · Dinapsoline · Dinoxyline · Doxanthrine

4.1 Introduction

The first simple classification of dopamine receptors into D1 and D2 families in 1979
was based on the observation that D1 receptors are positively coupled to adenylate
cyclase, whereas the activation of D2 receptors resulted in an inhibitory response
or had no effect on adenylate cyclase [1]. Dopamine receptors are divided into two
main families: the D1-like family, which includes the D1A and D1B (also referred
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to as D1 and D5), and the D2-like family, composed of the D2long, D2short, D3, and
D4 receptor isoforms. Of all the dopamine receptors, the D1 is the most prevalent in
the brain, with a proposed role in a variety of CNS functions, including motor con-
trol and memory-related processes. Antagonist radiolabeling has shown highest D1
receptor density in the frontal cortex, mainly in the nucleus accumbens and olfac-
tory tubule, but also in the substantia nigra pars compacta [2, 3]. In the peripheral
nervous system it is present in the kidney and cardiovascular system [4]. All of the
dopamine receptors are members of the family A G-protein-coupled receptor fam-
ily (GPCR). These receptors exist as a bundle of seven alpha-helical transmembrane
segments embedded in the target cell membrane.

The D1 and D5 receptors were first cloned in the early 1990s [5, 6]. The D1 recep-
tor consists of 446 amino acids, whereas the D5 is comprised of 477 amino acids
in humans and 475 in rats. These receptors are 82% homologous in the transmem-
brane spanning helices and 100% in the region where orthosteric ligands are thought
to bind. Although we shall discuss certain molecular features of the receptor later
in this chapter, a more complete discussion of the molecular biology of this seven
transmembrane helix family is provided in other chapters of this book; the focus
of this chapter will be on selective dopamine D1 drugs and the structure–activity
relationships of these molecules.

It should be noted at the outset, however, that there is presently no agonist or
antagonist ligand that is specific, or even selective, for the D1 vs the D5 receptor
isoforms; all presently available “D1 ligands,” including both agonists and antag-
onists, have similar affinity and potency at both the D1 and D5 receptor isoforms.
Hence, it has not been possible to employ traditional pharmacological approaches
to elucidate distinct roles in brain function for these two closely related receptors.
Therefore, the development of ligands specific for these two receptor isoforms still
remains of extremely high importance today.

4.2 Apomorphine

The first drug known with D1 agonist properties was apomorphine (Fig. 4.1),
although this pharmacological property of the molecule was not recognized for
many years. Its ready access by simple acid treatment of morphine allowed extensive
studies and led eventually to its experimental therapeutic use in humans for a wide
variety of ailments and conditions, including coughing, erectile dysfunction, alco-
hol and opiate addiction, schizophrenia and, later, Parkinson’s disease [7, 8]. Studies

Fig. 4.1 The structure of
apomorphine
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of its binding in nervous tissue led to the recognition of “apomorphine receptors,”
which would eventually become known as dopamine receptors [9].

N-alkylation of apomorphine yields ligands with improved D2 affinity and
reduced D1 affinity, the N-propyl analog (NPA) being the optimum modification
for maximizing D2-like selectivity [10, 11]. This observation appears to be a gen-
eral property that extends to most dopaminergic molecules and has been referred to
as the “propyl effect” [12, 13], and groups longer than propyl tend to be detrimental
for D2 receptor affinity and potency. The size of the N-alkyl group in dopaminer-
gic ligands proves to be one determinant of high D1 receptor affinity and agonist
activity, and as a general rule, a primary or secondary amine within the structure is
optimal for D1 activity.

Apomorphine is characterized as a mixed D2/D1 agonist and was briefly mar-
keted in the United States (Apokyne©) as a rescue medication for the “off” motor
effects observed in late-stage Parkinson patients treated with levodopa. In view
of the fact that no other D2-like agonist has anti-Parkinson efficacy comparable
to apomorphine, its D1 agonist character [14] is likely responsible for its greater
therapeutic effect [15].

4.3 1-Phenyl-3-Benzazepines

The first compound discovered to possess high D1 receptor selectivity was
SKF38393 (Fig. 4.2), initially tested for its peripheral effects [16] but assessed
soon thereafter for a central action and found to stimulate striatal adenylate cyclase
[17]. The discovery of SKF38393 truly represented a breakthrough for dopamine
research, as the molecule is remarkably selective for D1 receptors, with affinities
of 18 and 9,300 nM at the D1 and D2 receptors, respectively [18]. The absolute
configuration of the more active enantiomer was established as R, as shown in
Fig. 4.2 [19].

SKF38393 was characterized as an agonist ligand, but early studies found that
it displayed little antiparkinsonian potential [20, 21]. Unfortunately, these findings
were used to argue against the relevance of the D1 receptor as a target for the treat-
ment of Parkinson’s disease, an erroneous perception that still persists in many
quarters today. It was ultimately realized, however, that the partial agonist char-
acter of SKF38393 [17] was likely responsible for its lack of efficacy in Parkinson’s
disease. Nevertheless, great research attention was focused on this molecule and the
structural characteristics that were responsible for its high affinity and selectivity at
D1-like receptors.

Following the discovery of SKF38393, it was found that compounds with a
halogen replacing the hydroxyl at the 7-position and an N-methylated nitrogen were
extremely potent and selective D1/D5 antagonists. The most notable example is the
chloro compound SCH23390, a highly D1-selective antagonist (Fig. 4.2; D1 Ki =
0.12 nM; D2 Ki = 1,210 nM) [22, 23]. Most of the pharmacological character-
ization of D1 receptors has been performed with a tritiated form of SCH23390,
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Fig. 4.2 1-Phenylbenzaze-
pine D1-selective ligands

which remains the ligand of choice for radioligand binding assays. This ligand has
potent in vivo antagonist activity and virtually all of the studies of the role of the D1
receptor in various behaviors also have been carried out using SCH23390. The only
alternative approach to studies of the D1 receptor has been the use of genetic mice
that are null for the D1 receptor.

Several analogs of SKF38393 also have remarkable selectivity for the D1 recep-
tor. Adding a halogen to the catechol ring led to an increase in D1 affinity, yielding
the selective ligands SKF81297 and SKF83189 [18, 24]. The activity of all these
compounds resides in the illustrated (+)-enantiomers (Fig. 4.2). Despite their high
degree of selectivity, functional assays of these agonists have generally revealed a
lack of full intrinsic activity. That is, they are not able to stimulate cyclic AMP
(cAMP) production to the same extent as dopamine itself in cells expressing D1
receptors. A notable exception is SKF82958, which induces a robust activation of
D1 receptors [25].

The crystal structure of SKF38393 revealed that the pendant phenyl substituent
occupies an equatorial position, twisted orthogonal to the plane of the catechol ring,
and the ethylamino side chain is locked into a “gauche” conformation [26]. As we
shall see later, both of these structural features may account for the inability of this
ligand to stimulate adenylate cyclase optimally (only ca. 30–50% vs dopamine). It
is unknown, of course, what conformation the molecule adopts when it binds to the
receptor. Molecular modeling has indicated the existence of several low-energy con-
formational states, with the orientation of the pendant phenyl ring ranging between
orthogonal and coplanar relationships with respect to the catechol ring plane [27].
Not surprisingly, the X-ray crystal solution of the conformation of SCH23390 also
revealed a structure similar to that of SKF38393 [26].
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Tethering the pendant phenyl ring of SCH23390 into a trans-fused tetrahydron-
aphthalene led to SCH39166, a potent D1 antagonist with the pendant phenyl ring
constrained in a conformation that extends it in the equatorial direction and with
a slight β-phenyl ring-plane twist (Fig. 4.2) [26]. Although of somewhat lower D1
affinity (Ki = 3.3 nM) than SCH23390, this conformation still has a high degree of
complementarity to the D1 binding site, suggesting that the active conformation of
SCH23390 may be one where the pendant phenyl ring approaches coplanarity with
the hydroxylated ring (but is not actually coplanar with it). Based on the structural
similarities between SKF38393 and SCH23390, the dihydroxy analog of SCH39166
might have been expected to have high D1 receptor affinity. Surprisingly, however,
it had 1,000-fold lower affinity than the chlorohydroxy analog! Although this unex-
pected finding apparently has not raised interest, it may suggest that, despite the
apparent structural similarity between SKF38393 and SCH23390, these molecules
could be binding to the receptor in a fundamentally different way.

4.4 4-Phenyltetrahydroisoquinolines

Nomifensine (Fig. 4.3) was developed in the late 1960s by Hoechst AG as a potential
antidepressant with weak dopaminergic properties [28, 29]. Studies of its potential
hydroxylated metabolites indicated that 3′,4′-dihydroxynomifensine had significant
dopaminergic agonist effects at the renal “DA1” receptor [30]. We subsequently
demonstrated that its des-amino analog THIQ retained these dopamine agonist
properties [12] and, further, that N-propylation of this compound abolished its D1
activity, establishing a key difference in the SAR of D1 and D2 agonists, namely that
N-alkylation is detrimental to D1 affinity and functional activity. As noted earlier
under the discussion on apomorphine, N-alkylation of dopamine agonists generally
reduces activity at D1 receptors, whereas it enhances activity at D2-like receptors.

Replacing the phenyl ring in THIQ with a thiophene gave a bioisosteric molecule
(SKF89626) with properties virtually identical to THIQ [31, 32]. This class of com-
pounds had efficacy comparable to dopamine in stimulating cAMP production. It
will also be noted that the pendant phenyl moieties in these congeners, like the
phenylbenzazepines, still possess a large degree of rotational freedom.

Dihydroxynomifensine was also resolved into its two enantiomers and the abso-
lute configuration solved by X-ray crystallography [33]. The more active isomer had
the S absolute configuration, shown in Fig. 4.3. It will be recognized that this stere-
ochemistry corresponds to the active stereochemistry of the 1-phenylbenzazepines
at the carbon atom where the pendant phenyl moiety is attached (the β-position of
the “dopamine moiety”). Dandridge et al. [34] proposed a conceptual model of the
D1 receptor to accommodate this stereochemistry, as well as to be compatible with
the earlier model of McDermed et al. [35].

The appearance of a “β-phenyldopamine” motif in all of these ligands led us to
study β-phenyldopamine itself, and we subsequently proposed a β-phenyldopamine
pharmacophore as a requirement for activation of D1 receptors [36]. We compared
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Fig. 4.3 Tetrahydroisoquino
line-type D1 agonists

the ability of dopamine, β-methyldopamine, and β-phenyldopamine to activate
the D1 receptor in rat retina. Racemic β-methyldopamine had only one-twentieth
the potency of dopamine in this assay, whereas β-phenyldopamine had one-half the
potency of dopamine and was 10-fold more potent than β-methyldopamine. Clearly,
the pendant β-phenyl ring dramatically enhanced potency, compared to the simple
β-methyl, and suggested that this structural feature was a key determinant of D1
activity in all of these molecules.

4.5 Benzo[a]phenanthridines

The demonstrated D1 agonist activity of 4-(3′,4′-dihydroxyphenyl)-
tetrahydroisoquinoline (THIQ), coupled with the well-known dopaminergic
activity of simple 2-aminotetralins, led us to tether the THIQ structure into a
tetracyclic benzo[a]phenanthridine, dihydrexidine (DHX), the first high-potency,
full-efficacy selective dopamine D1 agonist [37, 38]. DHX had modest 10-fold
selectivity for D1 over D2 receptors. The analogous benzo[f]isoquinoline, lacking
the “β-phenyl” moiety, lacked D1 activity, demonstrating again that the interaction
of the pendant phenyl moiety with some accessory binding region within the D1
receptor was crucial for high activity. In this same report, the cis-fused compound
(cis-DHX) also was examined and found to be inactive, demonstrating that full
agonists should be relatively planar molecules (Fig. 4.4).

In a later study, the enantiomers of DHX were resolved, and the (+)-isomer, with
the absolute stereochemistry shown, was the most active [39]. Thus, these studies
all confirmed the requirement for a similar absolute stereochemistry at the chiral
carbon that is the site of attachment of the appended “β-phenyl” moiety in DHX,
SKF38393, and 3′,4′-dihydroxynomifensine.



4 Dopamine Receptor Subtype-Selective Drugs: D1-Like Receptors 81

Fig. 4.4 The structure of dihydrexidine (DHX), its inactive cis isomer, and DHX with the
appended phenyl ring removed, the inactive octahydrobenzo[f]quinoline

DHX produced a profound reduction of N-methyl-4-phenyl-1,2,5,6-
tetrahydropyridine (MPTP)-induced parkinsonian symptoms in male African
green monkeys [40]. In a small clinical trial, however, three of four human
subjects experienced marked hypotension when the drug was rapidly administered
intravenously [41]. This effect was likely the result of potent activation of renal
D1 receptors [42]. The fourth patient, with the highest measured blood plasma
levels of DHX, displayed a significant improvement of Parkinson’s disease (PD)
symptoms. Not surprisingly, the D1 antagonist SCH23390 blocked the behavioral
effects of DHX in rodents, whereas the D2 antagonist remoxipride did not [43]. In
contrast to the failure of the partial D1 agonist SKF38393 to show efficacy in PD,
these proof-of-principle results in both humans and a nonhuman primate model
of PD clearly demonstrated the need for a full D1 agonist to achieve an optimal
antiparkinsonian effect [44].

The presence of both catechol hydroxyl groups seems to be necessary for the high
affinity of DHX; however, the meta-hydroxyl has been shown to be most important.
Removal of the para-hydroxyl results in a more than a 20-fold loss in D1 affinity,
whereas the absence of the meta-hydroxyl resulted in a more than 200-fold loss of
affinity [45]. Low-energy conformations of the trans-diastereomer (DHX) situate
the conformationally restricted β-phenyl ring plane at an angle of approximately
56◦ above the plane of the catechol ring [46, 47].

Substitutions on the β-phenyl ring of DHX led to important structure–activity
information for this series [48]. Most notably, substitution at the 2-position with a
methyl group, as in 2-methyldihydrexidine (Fig. 4.5), led to a significant increase
in D1:D2 selectivity, resulting in a greater than 5-fold loss in D2 affinity with no
significant change in its D1 affinity. Substitution with an ethyl group at this position
also led to a highly D1-selective compound.

Although DHX passed through preclinical toxicology studies and was taken
further into the drug development process, it so far has not been successfully com-
mercialized, for at least two reasons. First and foremost, DHX is a catechol and has
less than 5% oral bioavailability, which is considered to be too low to be suitable
for an orally administered commercial drug. Second, DHX has a very short duration
of action, something that also could be related to the rapid metabolic processes that
cause the low oral availability.
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Fig. 4.5 The structure of
2-methyldihydrexidine, an
analog with increased D1:D2
selectivity

Fig. 4.6 The structure of ABT-431, an O,O-diacetyl prodrug of the Abbott D1 agonist A86929

A structurally related thiophene bioisostere of DHX developed by Abbott
Laboratories, A-86929 (Fig. 4.6), had pharmacological properties almost identical
to DHX [49–51]. Its O,O-diacetyl prodrug, ABT-431, was shown to have efficacy
comparable to levodopa in a small trial in Parkinson patients [52, 53], but due to
poor pharmacokinetic properties of this drug, further development was abandoned.
ABT-431 also was reported to produce dose-related dyskinesias in patients who had
already developed levodopa-related dyskinesias [53].

4.6 Abbott Isochromans

The compounds in this family, with examples shown in Fig. 4.7, were first synthe-
sized by Abbott laboratories and are extremely potent and selective D1 dopamine
agonists with high intrinsic activity [54–57]. The postulated requirement for the
trans-β-phenyldopamine structure is not strictly fulfilled in this series; however, this
work demonstrated that large nonaromatic hydrophobic substituents, such as the
adamantyl (A77636) [58], may be substituted for the phenyl (A68930) [56, 59, 60].
Removing this bulky substituent results in a marked decrease in both D1 and D2
affinities. A large difference in affinities is observed in the isochromans with cis
vs trans stereochemistry, with the latter being almost inactive. In the cis series, the
potency resides mainly in the (+)-enantiomer, as shown in Fig. 4.7.

The phenyl-substituted isochroman A68930 (Fig. 4.7) has the highest D1 bind-
ing affinity of the series (D1 Ki = 3.1 nM, D2 Ki = 776 nM), comparable to the
affinity of the cyclohexyl derivative, which displayed somewhat higher selectivity
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Fig. 4.7 Abbott isochroman D1 agonist ligands

(D1 Ki = 5.4 nM, D2 Ki = 1,120 nM). A prominent analog of the series was the
adamantyl compound A77636 (D1 Ki = 31.7 nM, D2 Ki = 1,290 nM), making evi-
dent the tolerance of the D1 accessory binding region for bulky hydrophobic groups.
It can be recognized that the isochromans do contain an embedded β-substituted
dopamine moiety, albeit the group attached to the “β-position” is not necessarily a
phenyl group. As contrasted to the benzo[a]phenanthridines, however, this moiety,
a phenyl or bulky hydrophobic group, also is displaced two atoms away from the
β-side chain position, suggesting that the accessory binding site in the receptor has
some flexibility or is larger than a single phenyl ring.

Fig. 4.8 Chroman molecules
with markedly reduced D1
agonist activity

Although the oxygen atom in the isochromans is not essential for activity, mov-
ing the oxygen to give chromans (Fig. 4.8) led to a very dramatic loss of D1 activity
[61]. For example, the cyclohexyl and adamantyl congeners shown above had D1
affinities of 500 and 2,500 nM, respectively, and were only 3- to 15-fold D1 selec-
tive, whereas the corresponding isochromans in Fig. 4.3 had affinities of 2.4 and 3.5
nM, respectively, and were 400- to 540-fold D1 selective [61]. Complete removal
of the oxygen atom from the heterocyclic ring gives potent and highly selective D1
agonists [62], suggesting that there is no requirement for the oxygen atom in the
Abbott isochroman compounds.

The most likely explanation for this finding would seem to be the formation of an
intramolecular hydrogen bond between the chroman oxygen and the adjacent ring
OH group that disrupts the hydrogen-bonding network that must form when the
ligand binds to the receptor. This postulated hydrogen bond is illustrated in Fig. 4.8
as a dashed line. If this hypothesis is true, something we are now testing, it suggests
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a specific hydrogen-bonding scheme for agonist ligands within the D1 receptor that
is probably not identical within the D2 receptor.

4.7 Dinapsoline

A second tethering strategy that retained the β-phenyldopamine pharmacophore
(and yielded a ligand geometry similar to DHX) led to another full D1 agonist named
dinapsoline (Fig. 4.9; DNS) that is as potent as DHX with respect to its D1 phar-
macology, although it is less D1 vs D2 selective [63, 64]. Interestingly, dinapsoline
is a catechol, but has a much longer in vivo action than DHX [65], and was also
found to have somewhat higher oral bioavailability. These observations suggest that
certain molecular features can attenuate the undesirable physicochemical properties
of a catechol with respect to oral bioavailability and plasma half-life. DNS was also
shown to have marked and long-lasting effects in the 6-OH-DA rotating rat model,
as well as efficacy in an MTPT-lesioned marmoset model of Parkinson’s disease.
In the MPTP-lesioned rat model of Parkinson’s disease, it was shown that repeated
daily dosing for 4 days with A77636 produced behavioral tolerance, whereas DNS
administered once or twice daily failed to produce tolerance [65]. The authors sug-
gested that the tolerance was likely related to the duration of D1 receptor occupancy.

Fig. 4.9 Dinapsoline and
selected substituted analogs

A series of substituted DNS derivatives was studied to develop preliminary
structure–activity relationships [66]. Replacing the 7-methylene bridge (“Y”) with
either nitrogen or sulfur (Fig. 4.9) greatly diminished D1 activity and in gen-
eral gave D2-selective compounds. Interestingly, the 6-ethyl-substituted compound
(X = CH2CH3) had twice the D1 affinity of DNS itself. The 6-fluoro-DNS analog
had about one-half the affinity of DNS, but surprisingly was 10-fold selective for the
D2 receptor. When a chlorine was placed at the 6-position, the molecule had nearly
100-fold selectivity for the D2 receptor. When considered in conjunction with the
finding that 2-methyl-DHX had enhanced D1 selectivity, these results suggest the
presence of a region in the D1 and D2 receptors that may be exploited to alter D1:D2
selectivity.
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4.8 Dinoxyline

The oxygen bioisostere of dinapsoline, named dinoxyline (DNX) (Fig. 4.10), again
was a full dopamine D1 agonist, but in this case the ligand was not D1 selective, and
possessed high affinity at all five dopamine receptor isoforms [67, 68]. Nothing
further has been reported on this ligand since its original discovery. It is some-
what puzzling, however, that DNX has high D1 affinity and potency, whereas the
chromans discussed earlier (Fig. 4.8) do not. The presence of the pendant phenyl
ring must somehow compensate for changes in the hydrogen-bonding scheme when
DNX binds. The two phenyl rings, through resonance overlap with the heterocyclic
ring oxygen, also would be expected to reduce the electron density on the bridging
oxygen, and this reduced density would decrease the strength of the intramolecu-
lar hydrogen bond. Thus, the serine residue(s) that normally hydrogen bond to the
catechol “meta” OH group would not have to compete with the formation of an
intramolecular hydrogen bond.

Fig. 4.10 The structure of
dinoxyline, an agonist that
activates all five dopamine
receptor isoforms

4.9 Doxanthrine

Most recently, an oxygen bioisostere of DHX was prepared named doxanthrine
(DOX) (Fig. 4.11) [69]. The absolute configuration of the more active (+)-
enantiomer of DOX had the anticipated stereochemistry, identical to DHX and
DNS. In contrast to DHX, however, doxanthrine had much higher selectivity for
the D1 vs the D2 receptor, making it perhaps one of the best of the newer D1
“β-phenyldopamine”-type agonist ligands. In porcine striatal homogenates, the
affinities at the D1-like and D2-like receptors for racemic DHX and DOX were
21 and 240 nM vs 22 and 3,700 nM, respectively, indicating a D1/D2 selectivity of
168 for DOX vs only 11 for DHX. In cloned human D1 receptors (+)-DOX had an
EC50 for enhancing cAMP accumulation of 29 nM, whereas the (–)-isomer was not
a full agonist and had an EC50 of 1,100 nM. Surprisingly, the (–)-isomer proved
to be an α2C-adrenergic receptor agonist with potency at least comparable to cloni-
dine (EC50 4.4 nM vs 17 nM for clonidine)! In the DOX series, however, and in
contrast to both the DHX and DNS series, substituents on the pendant phenyl ring
did not enhance D1 selectivity, but in fact decreased D1 activity significantly [70].
Additional studies are underway in the author’s laboratory to characterize this ligand
further.
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Fig. 4.11 The structure of
doxanthrine, a potent and
selective dopamine D1
agonist

4.10 Aminomethylfluorenes

In 1986, workers at Smith, Kline & French reported the synthesis of a series
of phenethylamines that exploited the features of two known dopaminergic lig-
ands, the biaryl ring system of apomorphine and the β-phenyldopamine skeleton
of SKF38393 [71]. This fluorene series (Fig. 4.12) yielded two compounds active
at D1 receptors: aminomethylfluorenetriol, which had modest affinity at D1 recep-
tors (Ki = 43 nM), and the des-hydroxy analog aminomethylfluorenediol, which
displayed 9-fold lower affinity (Ki = 380 nM).

Fig. 4.12 Aminomethyl
fluorenetriol (left) and
aminomethyl fluorenediol

The D1 affinities of these fluorene “β-phenyldopamine” analogs demonstrate that
a fully coplanar β-phenyl ring can also lead to good receptor complementarity, at
least with respect to affinity. Given the flexibility of the ethylamino side chain,
however, the positioning of the ammonium moiety with respect to the coplanar
β-substituent remains unknown [47].

4.11 Defining the D1 Agonist Pharmacophore

Fundamentally, all full D1 agonists discovered to date have a dopamine structure
embedded within them, in a beta-rotameric orientation. For most of the known
full D1 receptor agonist molecules, the basic pharmacophoric structure can be
envisioned as a β-substituted dopamine fragment. The pendant β-moiety is most
typically a phenyl or aryl ring, but as evident from the Abbott isochromans, this
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group can simply be a large hydrophobic moiety. The isochromans also illustrate
that the location of the accessory binding region is not precisely fixed but has some
variation with respect to the location of the appended hydrophobic moiety.

4.11.1 The Embedded Dopamine Fragment

The ethylamine side chain of dopamine is freely rotating and theoretically may
adopt many different conformations in solution (or at the receptor). Cannon, in 1975,
first designated the two possible trans conformational extremes of dopamine as
“alpha” and “beta” [72]. Apomorphine incorporates an “alpha” rotamer, as do most
D2 agonist ligands, but all of the other full D1 agonists contain a “beta” rotamer.
Freeman et al. [35] originally developed a conceptual model that could account for
the stereochemistries of 2-aminotetralines with either an alpha- or a beta-embedded
side chain.

If we consider all of the foregoing discussion, we can envision the essential fea-
tures of the D1 agonist pharmacophore as shown in Fig. 4.13. Although the pendant
phenyl ring in DHX and the phenyl ring in Abbott A68930 do not appear to reside in
identical space, in fact the centroids of the pendant phenyl rings are located nearly
the same distance from the key “meta” hydroxy, at a distance of 6.8–7 Å.

Fig. 4.13 The dopamine D1
agonist pharmacophore

The dopamine fragment within the agonist should be in a trans-extended beta-
rotameric form, with the distance between the meta hydroxy and the amino group
being about 7.4 Å. In rigid analogs, it also has been suggested that the protonated
electron pair on the nitrogen atom should be directed in a pseudoequatorial orienta-
tion [13]. Computational studies by Froimowitz were consistent with this hypothesis
[73]. If all of these essential requirements are met, then the published evidence sug-
gests that a molecule that contains these elements should have dopamine D1 receptor
agonist activity.

4.11.2 Design Limitations: The Catechol Moiety

Probably the most important structural feature, and unfortunately the one that has
limited the development of “druggable” selective dopamine D1 agonists, is the
requirement for a catechol function in the molecule. To date, no full dopamine D1
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agonist has been discovered that does not possess a catechol moiety. All catechols
do not have the same pharmacokinetic and metabolic properties; nevertheless, when
drug companies consider the problems of developing a catechol-containing drug,
they decline in favor of noncatechol alternatives. Despite modern formulation strate-
gies and novel approaches to prodrug techniques, the historical failure to develop a
catechol as a drug reinforces the notion that catechols are not good drug candidates.

Studies with monohydroxy analogs of apomorphine have shown the importance
of the catechol moiety in binding at both D2- and D1-like receptors. Removal of
the 10-hydroxy group, which yields 11-hydroxyaporphine, increased D1 affinity by
about 10-fold [74]. By contrast, removal of the 11-hydroxy caused a marked loss
of dopaminergic activity [75]. Similar observations in other series of dopaminer-
gic compounds have established the predominant importance of the hydroxy that is
“meta” to the ethylamine side chain fragment, whereas the “para”-hydroxy has a
lesser contribution to binding but is necessary for full agonist activity. For example,
replacing the para-hydroxy (10-OH) in DHX with a hydrogen results in antago-
nist or partial agonist properties, whereas replacement by a methoxy, halogen, or a
methyl results in antagonistic properties. Removing the meta OH (11-OH) gave an
inactive compound [45].

There is one example of a D1-selective compound that lacks a catechol: the ergo-
line CY208-243 developed by Sandoz (Fig. 4.14) [76]. It has been suggested that the
pyrrole portion of the ergoline molecule can serve as a replacement for the catechol
moiety [77], and that theory has been supported both by the synthesis of bicyclic
and tricyclic partial ergolines that retain dopaminergic activity [78] and also by the-
oretical calculations showing similarities between the molecular electrostatic fields
around simple models of apomorphine and ergolines [79].

Fig. 4.14 The structure of
the noncatechol ergoline
partial D1 agonist CY208-243

Like the benzo[a]phenanthridines, one can point to a β-phenyl moiety within
CY208-243 as the basis for enhanced D1 activity. Nonetheless, CY208-243, like
SKF38393, failed to show efficacy in PD [80], and again that result is likely related
to its partial agonist character at the D1 receptor. It might be noted, however,
that CY208-243 also has an N-methyl alkyl group, which is known in all other
series of dopamine D1 agonists to attenuate D1 activity and enhance D2 activ-
ity. Consistent with this reasoning, the reported intrinsic activity of CY208-243
for activating bovine retinal adenylate cyclase is only 57%, whereas the intrinsic
activity of its N-des-methyl analog is reported as 82%, indicating that the latter com-
pound is superior as a D1 agonist. Unfortunately, no further results were reported
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for the des-methyl analog of this compound, and it may well be that it could have
therapeutic potential.

4.11.3 Relative Orientation of the Catechol and Pendant
Phenyl Rings

Although the presence of the β-substituent appears necessary for high affinity and
potency in D1 agonists, there are studies that demonstrate the need for a fairly spe-
cific spatial orientation of this ring, relative to the catechol ring. The two measures
of this relationship can be envisioned as angles measured as ring-plane torsion and
ring-plane twist, as shown in Fig. 4.15. In general, the ring-plane torsion should
place the appended accessory ring in a plane at about an angle of 50–60◦ from the
plane of the catechol ring [25]. DHX, dinapsoline, and doxanthrine are exemplary
of this active conformation.

Fig. 4.15 Angles that define
the relative orientations
of the aromatic rings in
β-phenyldopamine-type
D1 agonists

A study by Negash et al. [47] examined congeners where the C ring was
expanded to seven atoms, and these molecules proved to be inactive. An example
of this series is shown in Fig. 4.16. This molecule distorts not only the trans-
beta-rotamer dopamine fragment but also the orientation of the appended β-phenyl
moiety.

Fig. 4.16 Inactive C-ring
expanded dihydrexidine
analog

Snyder et al. [27] used a methylene or an ethyl bridge to tether the pendant
phenyl ring of SKF38393 to the catechol ring, molecules shown in Fig. 4.17.
The methylene tether forces the β-phenyl moiety into a virtually coplanar orien-
tation with respect to the catechol ring, but reduces the conformational mobility of
the azepine ring. It had about 50-fold lower D1 receptor affinity than SKF38393.
Tethering the pendant phenyl ring with an ethyl bridge restores some confor-
mational mobility to the azepine ring, but forces the β-phenyl moiety into an
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Fig. 4.17 Rigid
dihydrexidine analogs with
reduced D1 binding affinity

orientation that is nearly orthogonal to the catechol ring. This analog had about
34-fold lower D1 affinity than SKF38393, slightly better than the methyl-tethered
compound.

These results are all consistent with the requirement that the β-phenyl moiety
must reside in a nearly coplanar arrangement with the catechol ring and that the
ethylamine side chain must to be in an extended trans-beta-rotamer orientation. The
full agonist properties of DHX, DNS, DNX, and DOX, compared to the partial
agonist activity of SKF38393, also suggest that this conformation is important for
full receptor activation, but is not a requirement for high D1 affinity.

4.11.4 Linking the Conceptual Model to the 3D Receptor Structure

Molecular modeling and mutagenesis studies of the D1 receptor indicate that Asp
103 in TM3 is probably responsible for binding the protonated nitrogen of DA,
whereas serines 198, 199, and 202 are involved in binding to the catechol hydroxyls
[81, 82]. As noted earlier, the amino acid sequence of the D1 and D5 receptors in
the orthosteric ligand binding domain is 100% identical.

The lack of an X-ray crystal structure for the D1 receptor has compelled the
use of analogies to other GPCRs as the best recourse for understanding the struc-
tural characteristics of the D1 receptor binding site. The crystal structure of bovine
rhodopsin, a GPCR distantly related to monoamine GPCRs, and more recently the
β2-adrenergic receptor [83], has enabled computationally derived hypotheses posit-
ing that the dopamine binding site is located between helices 3, 5, and 6, which
traverse the cellular membrane.

In the β2-adrenergic receptor, site-directed mutagenesis experiments have identi-
fied a key conserved residue, Asp 113, that has been proposed to be involved in an
electrostatic interaction with the protonated amine of catecholamines [84, 85]. The
cognate residue is conserved in all monoamine GPCRs and corresponds to Asp 103
in the D1 receptor. Based on solid evidence using monohydroxy derivatives of DHX
and serine-to-alanine mutants of these residues, as well as earlier experiments with
the β2-adrenergic receptor, Nichols, Mailman, and coworkers (unpublished results)
have proposed that Ser 202 of the fifth transmembrane domain interacts via a hydro-
gen bond with the para-hydroxy and that Ser 198 and Ser 199 interact with the
meta-hydroxyl of DHX. This information forms the basis for an examination of the
3D binding of agonists into the D1 receptor.
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Figure 4.18 is a sequence alignment for the D1, D5, and D2 receptors. Residues
in the D5 receptor that are not identical to those in the D1 receptor are shown in
boldface type. The sequences of intracellular loop 3 (IL3), connecting the bottoms
of helices 5 and 6, have been omitted for clarity. Sequence identity in the trans-
membrane regions is about 86%, but if the differences in TMs 1, 2, 4, and 8, which
are too distant to affect agonist binding directly, are excluded, then the sequence
identity in the transmembrane regions where the orthosteric agonist ligand binds is
much higher, about 96%, and sequence similarity approaches 100%. It is apparent
that the sequence similarity/identity in the orthosteric binding domain, principally
in TMs 3, 5, 6, and 7, is so high that it will probably be impossible to design a
molecule with D1 vs D5 selectivity that exploits this region of the receptor. The
N-terminal portions of extracellular loop 2 (EL2), however, are sufficiently diver-
gent that receptor-specific ligand design might be possible by differentially engaging
residues in this loop. For example, there are several tryptophan residues in EL2 of
the D5 receptor that are absent in the D1 sequence. Indeed, this portion of EL2 in
the D1 receptor contains no aromatic amino acids.

The 3D structure of the receptor, derived from homology models, can be rec-
onciled with the earlier conceptual models, attesting to the insight provided by
extensive experimental work over many years by numerous investigators. A number
of the proposed features in the receptor can be identified, especially the catechol
binding residues and the amine binding site. Figure 4.19 presents a conceptual
“cartoon” model that incorporates all of the elements known to be factors in the
structure–activity relationships of D1 agonists.

Figure 4.20 presents a parallel illustration, but with virtual docking of doxan-
thrine into a homology model of the D1 receptor based on the crystal structure of the
β2-adrenergic receptor. This figure illustrates the residues that account for the func-
tional properties of the receptor and reflects the elements of the conceptual model
that were used to drive the design of new D1 ligands. In particular, serine residues
198 and 199 appear to be involved in hydrogen-bonding interactions with the more
critical “meta” hydroxy group of the catechol moiety, and serine 202 appears to
engage the “para”-hydroxy.

Aspartate 103(3.32) forms a salt bridge with the amino group of the ligand, a
feature common to all monoamine G-protein-coupled receptors (GPCRs). In the
virtual docking studies, Asp 103 approaches the protonated amine from an equa-
torial direction, an idea that first originated with the recognition that N-alkylation
was detrimental to D1 receptor activation, as the lower energy of an equatorial N-
alkyl [73] would force the protonated electron pair into a pseudoaxial orientation
and disfavor the equatorial approach of Asp 103.

Phenylalanine residues 288(6.51) and 289(6.52) are thought to interact with the
aromatic ring of the agonist ligand, with F6.52 believed to be the most important.
These residues form pi stacking complexes with the aromatic ring of the agonist
ligand. The region of “steric occlusion” below the ligand is less well defined, but
probably consists of a sterically crowded area with contributions from a variety of
residues, including Phe203 in helix 5. Overall, viewed from the extracellular side,
the orthosteric agonist binding site is a relatively narrow groove or slot in the protein,
stretching somewhat linearly between helices 3 and 5.
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Fig. 4.19 Conceptual model of the D1 agonist binding site

Fig. 4.20 Stereopair view (cross eyed) of doxanthrine (dark central molecule) docked into a
homology model of the D1 receptor. The view is with TM3 in the foreground and TM5 in the
right rear. The ligand is in approximately the same orientation as in the conceptual model shown
in Fig. 4.19

A structural feature that has not previously been explored is the role of Ser
107(3.36), which is one turn below the essential D103. Our finding that doxanthrine
had higher selectivity for D1 vs D2 receptors was initially difficult to explain. After
we had carried out virtual docking studies, however, it was evident that Ser 107
could probably hydrogen bond to the heterocyclic oxygen atom in doxanthrine. Yet,
the D1 affinity of doxanthrine was essentially identical to that of its carbon ana-
log, dihydrexidine; it is the loss of affinity of doxanthrine at the D2 receptor that
gives doxanthrine its higher D1 receptor selectivity. We ultimately realized that the
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heterocyclic oxygen atom in the chroman ring of doxanthrine would be solvated in
aqueous solution. Binding in the receptor would involve desolvation of that oxygen
atom and a corresponding energy penalty as a result. For doxanthrine, this energy
cost could be compensated for by the hydrogen bond with Ser 107, but no similar
gain could be realized when DHX bound because it has a carbon atom adjacent to
Ser 107. In the D2 receptor the cognate residue is a cysteine, with much weaker
hydrogen bonding potential, as well as a larger van der Waals radius. Thus, we had
stumbled onto a very interesting indirect way to enhance D1 selectivity that was not
originally anticipated.

This difference at residue 3.36, a serine in the D1 receptor, and a cysteine in
the D2 receptor, also could account for the loss of D1 selectivity in dinapsoline,
compared to DHX. Whereas dihydrexidine has an ethyl bridge in this region that
will experience greater steric interference with the larger cysteine than with a serine,
dinapsoline has no molecular component in this region, and thus the presence of the
cysteine in the D2 receptor does not create the same extent of steric impediment to
binding for DNS.

As elaborated earlier at some length, one of the most important features of
the D1 receptor is its “β-phenyl accessory region” or accessory ring binding site.
Unfortunately, the identity of this region has not yet been established. As discussed
earlier, it clearly plays a very important role in conferring high D1 affinity and,
in catechols, full agonist activity. Virtual docking of doxanthrine into a homol-
ogy model of the D1 receptor does suggests some possible players, however.
Phe288(6.51) is one obvious choice, except that it appears more important for antag-
onist binding in other GPCRs where it has been examined. A critical consideration,
however, is the fact that the D2 receptor has identical phenylalanine residues at
these positions, so it is very difficult to conclude that Phe288 is a key part of the
accessory binding region. By contrast, Phe313 in TM7 is particularly attractive as
part of the accessory region because the corresponding residue in the D2 recep-
tor is a tyrosine. If this residue comprises part of the accessory binding region,
it seems possible that there could be two explanations for its effect on D1 vs
D2 selectivity. First, the para-OH of the tyrosine residue could project toward
the pendant phenyl ring of ligands such as DHX or DOX. That would prevent
an edge-to-face type of pi stacking interaction suggested by the virtual docking
presented in Fig. 4.21. A second possible explanation is that the tyrosine in the
D2 receptor engages a residue in helix 2 or 3, pulling it away from an interac-
tion with the agonist ligand. At the present time the importance of this residue
remains unknown, and there are no mutagenesis studies to suggest its role in the
dopamine D1 receptor. It addition, it appears likely that a residue in extracellu-
lar loop 2 (EL2) may be a component of the accessory binding region, possibly
serving as one of the pieces of “bread,” with the ligand accessory ring being
the “meat” of a sandwich. One possibility for this role is Leu190. One study
has been published where it was reported that mutation of four residues in EL2
(DSSL) containing this amino acid led to a mutant receptor with a significant 25-
fold loss of affinity for SCH23390 [86]. No data were reported for binding of an
agonist ligand and there is no report of a receptor with the single mutation of
L190.
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Fig. 4.21 Doxanthrine docked into a homology model of the D1 receptor, in the same orientation
as shown in Fig. 4.20, but with the ligand and key residues shown as space-filled representations
to illustrate the potential accessory binding region

4.12 The Future

We clearly know quite a bit about the structure–activity relationships of dopamine
D1 full agonists and about functional topography of the receptor. The D1 recep-
tor remains of very high importance, as it has been identified as a target for a
number of potential disease states, the most important ones at the present time
being Parkinson’s disease and memory and cognition enhancement, especially in
schizophrenia. It seems quite likely that a “druggable” full D1 agonist would be a
commercially successful therapeutic agent. What chiefly prevents that from happen-
ing at the present time is the generally low oral bioavailability of catechol-containing
drugs, which includes all of the present generation D1 agonists. The fact that
CY208-243 is not a catechol suggests that novel agonists may be discovered that
are not limited by the problems associated with a catechol moiety. Nonetheless, the
absence of a successful dopamine D1 agonist clinical candidate also seems to have
prevented major pharmaceutical companies from addressing the challenge of dis-
covering a bioavailable full D1 agonist that can be brought to market. One must
have some hope that this situation will change before long, as there is every reason
to believe that a D1 full agonist should have a variety of very useful therapeutic
indications.
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Chapter 5
Dopamine Receptor Subtype-Selective Drugs:
D2-Like Receptors

Olaf Prante, Miriam Dörfler, and Peter Gmeiner

Abstract Drugs that are known to activate or block dopamine receptors are widely
used for the treatment of a number of severe diseases. In most cases, dopamin-
ergic drugs preferentially interact with the subtypes of the D2 family (D2, D3,
D4). However, only minor selectivity has been observed between D2, D3, and D4.
Nevertheless, in recent years D3 and D4 subtype-selective agonists, partial ago-
nists, and antagonist have been developed. The most interesting structural features
required for high selectivity and affinity are presented as well as structure–activity
relationship (SAR) studies. Moreover, the use of subtype-selective radioligands is
discussed.

Keywords D2-like receptors · subtype selectivity · aminotetralins · phenylpipera-
zines · radioligands · D3-receptors · D4-receptors

5.1 Drugs on the Market and Classical Pharmacological Tools

Drugs that are known to activate or block D2-like dopamine receptors are widely
used for the treatment of a number of severe diseases. Thus, dopamine recep-
tor agonists (Fig. 5.1) such as apomorphine 1, the ergoline derivatives lisuride
2, bromocriptine 3, and pergolide 5 as well as the bicyclic dopamine bioisosteres
rotigotine 6, pramipexole 7, and ropinirole 8 are important for the treatment of
Parkinson’s disease and dyskinesia. Bromocriptine 3 is also employed as a prolactin
inhibitor, whereas apomorphine 1 has emetic effects and has been described for the
treatment of erectile dysfunction [1]. Pramipexole 7 is also approved for the treat-
ment of restless legs syndrome [2]. Quinelorane 9, quinpirole 10, and PD128907 4
are accepted as valuable pharmacological tools for the characterization of responses
mediated by D2-like receptors.
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Fig. 5.1 Dopamine receptor agonists, Ki values in nM (Ki high + Ki low)

Dopamine receptor antagonists (Fig. 5.2) are used for the treatment of
schizophrenia and anxiety. The pharmacological agents in clinical use are divided
into classical and atypical antipsychotics [3]. The classical family of antipsychotics
consists of the structural class of phenothiazines (such as chlorpromazine 11), thiox-
anthenes (such as chlorprothixene 12), butyrophenones (such as haloperidol 13), and
diphenylbutyl piperidines (such as pimozide 15). These drugs are able to reduce
the positive symptoms of schizophrenia [3]. In contrast to classical antipsychotics
displaying extrapyramidal side effects [3], atypical derivatives are less likely to pro-
duce these side effects and address not only positive but also negative symptoms
[3]. Major representatives for atypical antipsychotics are clozapine 17 and olan-
zapine 18, binding not only dopamine D4- and D2-receptors but also serotonergic
5-HT2- and muscarinic receptors as well as the adrenergic α1- and the histamine
H1-receptors [3]. Risperidone 19 additionally displays a mixed binding profile [3].
Aripiprazole 16 is described as a system stabilizer for dopaminergic and serotoner-
gic systems [4], exerting agonist effects at the presynaptic and antagonist effects at
the postsynaptic dopamine D2-receptors [5, 6]. Prominent examples of the family of
methoxybenzamides are sulpiride 20, amisulpride 21, raclopride 22, nemonapride
23, nafadotride 24 which are used as antipsychotic drugs and valuable pharmaco-
logical tools. Tritiated spiperone 14 is well established as a standard radioligand for
binding assays.

Figure 5.1 and Fig. 5.2 clearly indicate that the established dopamine receptor
agonists and antagonists are relatively unselective and, in many cases, recognize not
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Fig. 5.2 Dopamine receptor antagonists, Ki values in nM

only the various subtypes of the dopamine receptor but also related biogenic amine
receptors such as serotonergic or adrenergic receptors [1]. Nonselective dopaminer-
gic drugs may possess therapeutic advantages in some cases, provided that effects
synergistic to the dopaminergic response enhance the antipsychotic efficacy [7,
8]. To improve the pharmacological profiles of dopamine receptor-targeting drugs,
selective dopamine receptor ligands have been developed in recent years. These
efforts have been especially concentrated on the D3- and the D4-subtypes, since the
D2-subtype is associated with side effects, such as extrapyramidal dysfunction [9].

5.2 D3-Selective Ligands

The design of D3-receptor ligands with high selectivity over the related subtypes
D2 and D4 proved to be difficult, since the binding site crevices of these subtypes
are very similar [10, 11]. Nevertheless, medicinal chemists succeeded in developing
even highly selective agonists and antagonists which are summarized below.
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5.2.1 Aminotetralins and Analogs

5.2.1.1 Aminotetralins

The neurotransmitter dopamine is able to adopt both the α- and β-conformation
according to Cannon (Fig. 5.3) [12]. Structure–activity relationship studies showed
that only the meta-hydroxy function of the catechol system is necessary for
dopaminergic activity and N-alkyl substituents, especially n-propyl groups, increase
binding affinity. Formal conformational rigidization of the ethylene chain led to the
structural family of aminotetralins 27 (Fig. 5.4).

Fig. 5.3 Dopamine
conformers

Fig. 5.4 Design of
aminotetralins

Two alternatives of bridging the dopamine structure are possible resulting in for-
mation of the 5,6- and the 6,7-dihydroxy derivatives which represent the β- and
α-conformer of dopamine, respectively. Interestingly, the 5,6-dihydroxy derivative
shows significantly higher dopaminergic potency [13, 14]. Among the mono-
hydroxylated dipropylaminotetralins (DPATs), the 7-hydroxy substituted derivative
(7-OH-DPAT; 27b) displays the highest D3-selectivity [15], when the (R)-(+)-
enantiomer turned out to be significantly more active [16]. On the other hand, the
(S)-isomer of 5-OH-DPAT 27a reveals higher potency and a mixed D2/D3-affinity
profile (Table 5.1) [16]. Karlsson et al. described substantial D2-agonist activity for
the (S)-enantiomer and weak D2-antagonist properties for the (R)-enantiomer [17].
Interestingly, the unsubstituted DPAT also exhibits configuration-specific affinity
profiles for receptors of the D2-family and the 5-HT1A-receptor [18].

SAR data investigating the effect of the nitrogen substitution pattern indicated
that one of the two substituents is represented in the best way by a propyl substituent,
consistent with receptor modeling studies identifying a propyl cleft as an important
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Table 5.1 Binding affinities of 5-OH- and 7-OH-DPAT;Ki Values in nM

NPr2

X

X D2L D3 D2/D3

(S)-27a (S)-(–)-5–OH 6 0.54 11
(R)-27b (R)-(+)-7–OH 56 0.57 98

part of the binding pocket [15]. Structural variation of the second nitrogen sub-
stituent led to the attachment of terminal π-systems as realized within compounds
28 [19, 20] and 29 [21] (Fig. 5.5). 7-OH-PIPAT (28) is a D3-selective analog of
7-OH-DPAT, whereas 5-OH-PIPAT shows higher D3-affinity but significantly lower
selectivity over D2 [19, 20]. The binding profile of another prominent aminotetralin,
rotigotine 6, is very similar to that of dopamine with respect to D1, D2, and D3
(Fig. 5.1) [21, 22].

Fig. 5.5 Side chain variations in aminotetralins

5.2.1.2 DPAT Bioisosteres

Since the aromatic hydroxyl function of OH-DPAT analogs is rapidly inactivated by
conjugation with glucuronic acid and elimination via the kidney, the oral bioavail-
ability of OH-DPATs is low and the duration of maximum efficacy is short [23].
To attenuate rapid metabolization an effective bioisosteric replacement has been
performed [23].

Heterocyclic Bioisosteres

A bioisosteric replacement of the hydroxyphenyl substructure by substituted and
unsubstituted 6- and 5-membered heteroarenes was investigated and resulted in
compounds with different affinity and selectivity patterns (Fig. 5.1; Fig. 5.6). Thus,
quinelorane 9 and quinpirole 10 (Fig. 5.1) display substantial D3-selectivity over
D2 [9, 24–29]. Pramipexole 7 (Fig. 5.1) behaves as a D2-, D3-, and D4-receptor
agonist preferentially recognizing D3 [26, 29–31]. Pramipexole 7 is also described
as a selective or preferential autoreceptor agonist [32]. Interestingly, replacement
of the secondary amine structure by primary amine leads to a loss of activity [33].
The pyridine analogs 30a and 30b are known for their significant D3-selectivity
and autoreceptor agonist properties [23]. The dopaminergic agents FAUC 54 31
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Fig. 5.6 Binding affinities of several bioisosteric DPATs, Ki values in nM (Ki high for 31, 33,
34a, 34b)

[34], FAUC 725 33 [35], and 34a [36] show single-digit nanomolar and subnano-
molar D3-affinities and substantial agonist effects in mitogenesis experiments. On
the other hand, the ligands 32 [37] and 34b [36] turned out to be partial agonists
when compared with the full agonist quinpirole.

The tetrahydrobenzothiophene derivatives 35 and 36 are described as ago-
nists displaying an improved bioavailability in comparison with 5-OH-DPAT 27a
[38, 39].

Non-aromatic Bioisosteres

Until very recently, an aromatic partial structure representing the catechol func-
tion of dopamine was regarded as crucial for the pharmacophore described by the
McDermed model [13]. Very recently, it has been demonstrated that such a π-system
can also be provided by non-aromatic analogs. Chemical syntheses, pharmacolog-
ical investigations, and computational studies lead to enynes, dienes, and endiynes
of type 37 that display high affinity to dopamine receptors of the D2-like family
(Fig. 5.7) [40–43].

In detail, the terminal enynes FAUC 73 (37a) and FAUC 88 (37b) reveal higher
affinity than the trimethylsilyl substituted analogs [42]. The ethenyl analog FAUC
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Fig. 5.7 Binding affinities of several enynes, Ki values in nM (Ki high + Ki low)

206 (37c) shows a similar binding profile as FAUC 73 (37a) with an improved selec-
tivity over the D4 subtype [41]. Functional investigations were performed for FAUC
73 (37a) and FAUC 88 (37b) displaying substantial intrinsic activity [42].

5.2.2 Aminoindans

Formal restriction of the aminotetralin six-membered ring to a five-membered ring
leads to the structural family of aminoindans 38 (Fig. 5.8). As described for the
aminotetralins the substitution pattern at the aromatic substructure and the amino
substituents play an essential role for the dopaminergic activity. Thus, the 4-hydroxy
substituted dipropyl aminoindan 38b displays combined D2- and 5-HT1A-affinity,
reflecting the anology both to the dopaminergic active 5-OH-DPAT and to the selec-
tive 5-HT1A-ligand 8-OH-DPAT (Table 5.2). On the other hand, the 5-hydroxy
isomer 38a displays an approximately threefold selectivity for D3-receptors [44].
Interestingly, introduction of methoxy substituents leading to the bioactive agent
U 99194 (38c) results in an improved D3-selectivity but, on the other hand, a
complete loss of intrinsic activity [44, 45].

Fig. 5.8 Design of
aminoindans

Table 5.2 Binding affinities of several DPAIs,Ki Values in nM

NPr2X

X D2 D3 D2/D3

38a 5-OH 53 14 3.7
38b 4-OH 5.2 42 0.12
38c 5,6-di-OMe 992 31 32
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5.2.3 Arylcarboxamidobutyl Substituted Aminotetralins
and Analogs Thereof

The exchange of an n-propyl side chain of the family of DPATs by an N-butyl-4-
biphenylamido moiety results in an improvement of D3-affinity and selectivity [46].
Depending on the residue X within structure 39 (Fig. 5.9), the compounds behave
as agonists or antagonists [46].

Fig. 5.9 Binding affinities of several amides with butylene linkers, Ki values in nM

As described for DPATs, heterocyclic bioisosteres are also known for the amide
analogs. The compounds with the general structure 41 show high D3-affinity and
selectivity (Fig. 5.9) [47].

Also for this class of compounds the replacement of the aminotetralin sub-
structure by aminoindan (40) proved to be a successful replacement [48]. Since
compounds of type 39 can be metabolized in vivo by depropylation, the amino
function was integrated into a ring system leading to compounds of the general
structure 42 [48–51]. Besides dopamine receptor ligands with flexible linker chains,
conformationally rigidized ethyl-trans-cyclohexyl derivatives have been described
(L6, Fig. 5.13) [52–55].

5.2.3.1 2-Methoxybenzamides and Analogs Thereof

Based on the classical representatives sulpiride 20, amisulpride 21, and raclo-
pride 22 (Fig. 5.2), variations of the substituents Y and Z (Fig. 5.10) lead to
an improvement of D3-selectivity. Besides this, the phenyl ring was replaced by
a naphthyl system resulting in an increased D3-selectivity over D2 and both σ-
receptor subtypes [56, 57]. Bioisosteric replacement of the amide structure by
certain 5-membered heteroarenes was exploited to increase D3-affinity and selectiv-
ity. Besides pyrroles 44 and imidazoles 45 as amide bioisosteres (Fig. 5.10) further
5-membered heterocycles such as oxazoles and oxadiazoles were investigated
[58–61].
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Fig. 5.10 Benzamides and bioisosteres

5.2.4 Phenylpiperazines

Dopamine receptor ligands of the class of phenylpiperazines contain an aryl car-
boxamide which is connected via a linker to a 4-aryl substituted piperazine unit
(Fig. 5.11).

Fig. 5.11 General formula of
phenylpiperazines

5.2.4.1 Variations at π2

The aromatic residue π2 as a part of the structure 46 is usually represented by a
substituted phenyl ring (Fig. 5.12). D3-selectivity is increased when the substituent
is shifted from the para- to the meta- to the ortho-position [62]. Very frequently,
2-methoxy- and 2,3-dichlorophenylpiperazines (π2b and π2c) are used when the
latter usually results in higher D3-affinity compared to π2a [63] or methoxy-
substituted derivatives of type π2b [64, 65]. Structural hybrids with 2-methoxy-
and 3-chloro-substitution of type π2d show binding properties ranging between
π2b and π2c [66, 67]. Furthermore, 2,3-dimethyl substituted compounds of type
π2e with high D3-selectivity over D2, D4, 5-HT1A and α1 [68], and heterocyclic
derivatives of type π2f have been described [69, 70].

Fig. 5.12 Aromatic residues of type π 2
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5.2.4.2 Variations of the Linker Unit

As suitable linker units, saturated or unsaturated aliphatic and cyclic carbon-based
systems are used (Fig. 5.13) when a saturated butyl linker of type L1 results in the
highest D3 binding affinity [63, 64, 68, 70, 71]. Exchange of the saturated linker
by a trans-butenyl system (L2) leads to antagonists [72]. Similar binding properties
are described for phenylpiperazines with 3-cyclopropyl spacer of type L4 [73]. On
the other hand, D2- and D3-affinity is strongly reduced for butenyl linkers (L3)
[72]. Replacement of the butyl chain by a cyclohexyl ring L5 results in reduced D3-
affinity [74]. However, if the cyclohexyl moiety is combined with 2-methylene units
(L6), D3-affinity and selectivity increases [75]. A number of disubstituted phenyl
systems have also been investigated [76].

Fig. 5.13 Linker

5.2.4.3 Variations at π1

For the structural unit π1 a great number of different carbo- and heterocyclic
fused and monocyclic aromatic units was employed (Fig. 5.14). Besides substi-
tuted phenyl and biphenyl systems (46a-c), fused carbo- and heterocyclic rings
were investigated [68, 71, 72, 77]. The most prominent representatives of this class
are the D3-selective partial agonist BP-897 (46d), that has been successfully used
for the treatment of cocaine abuse [78], and the tricyclic antagonists NGB 2849
(46f) and NGB 2904 (46 g) [79]. For the 2,3-dichloro analog of BP-897 (46e) the
D3-selectivity over D2 and D4 is further improved [68].

A great number of heterocyclic units have been investigated when high D3-
affinity and selectivity was determined. For substituted pyrazolopyridines, affinity
decreases with the substitution positions 5 > 2 = 6 > 3 > 4 > 7 [64, 80].
Interesting binding profiles are also displayed by the indoles (46o) [81], the ben-
zofurans (46 k, 46 l), and the benzothiophenes (46m, 46n) [64]. Comparison
of FAUC 365 (46n) and FAUC 346 (46m) shows significantly higher D3-
selectivity for the dichloro derivative 46n [64]. On the other hand, 46m (FAUC
346) shows partial agonist properties, whereas 46n (FAUC 365) is a neutral
antagonist [64].
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Fig. 5.14 Binding affinities of several phenylpiperazines with butyl linker, Ki values in nM

Interestingly, bilayered systems involving metallocene or paracyclophane deriva-
tives could be established as a novel type of dopamine receptor ligands. Depending
on the type of metal that is bound between the two cyclopentadienyl systems, differ-
ent binding profiles can be observed when partial agonist properties were found [66].
On the other hand, the paracyclophane derivatives show neutral antagonist proper-
ties and selective binding dependent on the planar chirality of the paracyclophane
system [67].

5.2.5 Structural Hybrids

Combination of the aminotetralin or pramipexole moiety with the phenylpiperazine
unit resulted in a hybrid structure of type 47 and 48, respectively (Fig. 5.15). Both
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Fig. 5.15 Hybrids

compounds are partial agonists with high intrinsic activity, single-digit nanomolar
D3-affinity, and high selectivity over D2 [82, 83].

5.2.6 D3-Selective Radioligands

Employing autoradiography, D3-receptors can be distinguished from D2 receptors
by using both selective dopaminergic antagonists and agonists. The preferential
expression of D3-receptors in limbic areas, such as the ventromedial shell of the
nucleus accumbens and the islands of Calleja, has been repeatedly demonstrated in
the rat using the tritiated radioligand [3H]7-OH-DPAT [84–87]. Autoradiography
studies with (+)-[3H]PD128907 (Fig. 5.1) yield a quite similar cerebral distribu-
tion in the human while additionally revealing D3-receptors in the human neocortex
[88–90]. Moreover, in vivo studies suggest a role of the D3-receptor in cognition and
motivated behavior [89, 90], and that D3 inhibition activates the mesocorticolimbic
dopaminergic system [29]. The relevance of disturbances of D3-receptor mediated
neurotransmission in psychiatric disease is coincidently justifying the urgent need
for selective D3 imaging agents allowing the non-invasive detection of receptor dis-
turbances (compare Chapter 13 of this book). Positron emission tomography (PET)
has already gained growing importance for in vivo imaging of disturbances of D2-
like receptor densities using the nonselective D2/D3 radioligands [11C]raclopride
[91] and [18F]fallypride [92] (Fig. 5.16). Analogs of these most commonly used

Fig. 5.16 D2/D3 radioligands for PET
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PET radioligands have also been developed [93, 94]. The lack of bioavailable
D3-subtype-selective PET ligands excluding cross talk with the strongly related
subtypes D2 and D4 hampers the non-invasive investigation of the physiological
role of D3. Various efforts have been made to develop selective D3 PET imaging
agents, including the preparation of 11C-labeled imidazo[2,1-b]thiazolylpiperazine
derivative RGH-1756 and the substituted aminotetralin [11C]GR218231 (Fig. 5.17)
[95–97]. The D3-selective lead compound FAUC 365 has also been labeled with
radioiodide [98], F-18 [65], or C-11 [99], yielding analogs or the 11C-labeled
parent compound, respectively, with high in vitro affinity and D3 subtype selec-
tivity. However, the above-mentioned D3 radioligand candidates have not yet been
successfully used for in vivo imaging, partly due to rapid efflux from the brain,
or disappointing binding characteristics in vivo or in autoradiography experiments.
Recent progress has been made by the use of comparative molecular field analysis
(CoMFA) and comparative molecular similarity indices analysis (CoMSIA) guided
approaches to predict D3 radioligand selectivities [100, 101]; however the bioavail-
ability of the resulting new candidates (50a-d, Fig. 5.17), which are derived from
BP-897 and FAUC 346 (Fig. 5.14), remains to be elucidated. Thus, the future dis-
covery of highly selective radioligands as PET tracers is critical for obtaining new
insights into the role of the D3-receptor subtype in the pathophysiology of various
psychiatric diseases.

Fig. 5.17 Subtype-selective D3 radioligands for PET
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5.3 D4-Selective Ligands

The interest in selective D4-receptor ligands was initially driven by the finding
that the atypical neuroleptic drug clozapine preferentially binds to the D4-receptor
[102, 103]. Up to now, several candidates have been evaluated in vitro and in
vivo, including agonists as putative agents for the treatment of sexual dysfunction
and attention deficit hyperactivity disorder and antagonists as antipsychotic drugs
focussing on the treatment of neuropsychiatric disorders, such as schizophrenia,
as well as selective imaging agents for the D4-receptor subtype. The medicinal
chemistry governing these developments has been separately summarized in recent
reviews [104–106]. The crucial structural requirement for selective D4 ligands con-
sists of a basic nitrogen represented by a piperazine or piperidine core flanked by
two aromatic rings with an optimal distance. A pharmacophore model for several
structurally diverse D4 antagonists and CoMFA studies has been successfully used
to guide the design of novel selective D4 ligands in recent years [107–109].

5.3.1 Selective D4 Agonists

One of the first selective D4 agonists, PD-168077 (Fig. 5.18), was discovered by
Glase et al. [110]. These authors examined a large series of N-methylpiperazinyl
benzamides with ortho-substituent (2-Cl, 2-CN, and 2-OMe) at the phenylpiper-
azine under variation of the substitution pattern of the benzamide phenyl core.
In comparison with 2-methoxy and 2-cyano derivatives, the 2-chloro compounds
reveal decreased D4 selectivity in binding studies using CHO K1 transfected cells.
Introduction of a methyl group in the 3-position of the 2-cyano-phenylpiperazinyl
compound yields PD-168077 with substantial D4 affinity (Ki(hD4) = 8.7 nM)
and excellent subtype selectivity (>300-fold over D3 and > 400-fold over D2).
Stimulated mitogenesis in D4-transfected CHO pro-5 cells shows an EC50 of 17 nM
and 80% intrinsic activity compared with quinpirole as a reference dopamine recep-
tor agonist. The high D4-receptor affinity of PD-168077 has also been confirmed for
the human D4 alleles hD4.2 (6.0 nM), hD4.4 (22.3 nM), and hD4.7 (29.0 nM) [111].
PD-168077 has been studied in vivo in a number of pharmacological studies in rats,
including behavioral studies and memory tests. The compound induces an improved
memory performance [112], but dyskinesia was noticed that was insensitive to the
D4 antagonists L-745,870 or haloperidol [113], and thus could be ascribed to non-
dopaminergic binding sites of PD-168077. The proerectile effect of PD-168077
when administered locally in the paraventricular nucleus (PVN) of the hypotha-
lamus of male rats [114] or s.c [111] provides evidence for the role of D4-receptors
mediating erectile function.

Since PD-168077 shows limited stability toward acidic medium [110],
Matulenko et al. aimed at the corresponding retroamides, of which they synthesized
a series of ortho-, meta-, and para-phenylpiperazinyl substitutes candidates [115].
Among the series of derivatives, only the 2-cyano derivative (A-369508, Fig. 5.18)
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Fig. 5.18 Selective D4 ligands: partial agonists

shows equivalent efficacy (EC50 = 7.5 nM) and increased D4 potency (Ki(D4) =
2.7 nM) compared to PD-168077 as studied in a calcium flux assay using HEK
293 cells co-transfected with hD4.4 and Gαqo5. Replacement of the 2-cyano group
by other electron-withdrawing groups, such as fluorine or nitro, causes slightly
decreased potency (EC50 = 18 nM or 13 nM, respectively), whereas changing the
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ortho-substituent to a meta- or para-position leads to total loss in agonist activity.
Noteably, some of these derivatives (3-Me, 4-Me, 3-OMe, and 4-F) retain their D4
binding affinity (Ki: 8–70 nM) and exhibit functional antagonism. Substitution on
the aryl acetamide portion of 3-cyanopyridin-2-yl derivatives also results in com-
pounds with good D4 potency, but the intrinsic efficacy is slightly lower when
compared to A-369508.

Recently, a series of structurally related analogs of PD-168077 has been devel-
oped by replacement of the amide group with a methylene-oxime moiety [116].
Introduction of a 2-pyridine ring revealed to be superior for D4 agonist activity of the
most potent candidate 1 shown in Fig. 5.18. This derivative shows poor D4 binding
selectivity over D2 (Ki(D4) = 38.2 nM; D2/D4 = 1.7); however, it shows no efficacy
at concentrations up to 10 μM in an assay using HEK-293 cells co-transfected with
human D2L and chimeric Gαqo5 and its activity in the rat penile erection model is
three times higher than that of the nonselective D2-like agonist apomorphine. Thus,
this compound is a D4 agonist and a moderately potent D2 antagonist.

The indole CP-226,269 (Fig. 5.18), another selective D4 agonist bearing a 2-
pyridinylpiperazinyl moiety (Ki(D4) = 6.0 nM; Ki(D2) > 600 nM), has been
described contemporary with PD-168077 by Zorn et al. [117]. Competition stud-
ies using recombinant human D4 variants hD4.2, hD4.4, and hD4.7 revealed even
higher receptor affinities than PD-168077 with Ki values of 2.4 nM, 3.6 nM, and
5.6 nM, respectively [111]. Despite a lack of affinity to human D2L receptors, it
has been demonstrated that CP-226,269 binds to the rat D2 receptor with moderate
affinity (EC50 = 55 nM) [118], which complicates the interpretation of its in vivo
pharmacology in rats.

The benzimidazole derivative ABT-724 (Fig. 5.18), also bearing the 2-
pyridinylpiperazinyl moiety and thus closely related to CP-226,269, has been
developed by Stewart et al. [119]. Interestingly, these authors notice a distinct
“ortho-effect” when comparing para-, meta-, and ortho-substituted phenylpiper-
azinyl derivatives with the corresponding 2-, 3-, and 4-pyridyl compounds with
reference to binding affinity to hD4 and efficacy measured by a calcium flux assay
using HEK 293 cells co-transfected with hD4.4 and Gαqo5. A total loss of D4 affin-
ity and efficacy is observed for the 4-pyridyl compound, whereas the 2-pyridyl
(ABT-724) and the 2-chlorophenyl derivative display satisfactory D4 potency and
efficacy. This study indicates that the phenylpiperazine moiety plays a key role in
determining D4-receptor efficacy [119, 120]. The EC50 of ABT-724 is 12.4 nM,
intrinsic activity is 61%, and receptor selectivity has been confirmed by screening
70 different neuroreceptors [121]. Using the agonist D4 radioligand [3H]A-369508
(Fig. 5.20) and membrane preparations expressing hD4.2, hD4.4, and hD4.7, receptor-
binding experiments reveal Ki values of 47–64 nM. ABT-724 has been further
evaluated in vivo, confirming the proerectile activity of the compound when given
s.c. at very low doses (0.03 μmol/kg) to conscious rats, an effect that is blocked
by haloperidol and clozapine, but not by the peripheral dopaminergic antagonist
domperidone, indicating CNS activity of ABT-724.

More recently, ABT-670 has been discovered by further structural optimiza-
tion of ABT-724 introducing a (N-oxy-2-pyridinyl)piperidine template (Fig. 5.18),
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which exhibits comparable efficacy and improved oral bioavailability in rat, dog,
and monkey in comparison with ABT-724 [122].

A-412997 (Fig. 5.18) is a piperidine analog derived from the retroamide series
of D4 agonists [118]. In comparison with PD-168077 and CP-226,269, A-412997
(Ki(hD4.4) = 7.9 nM; Ki (rD4) = 12.1 nM) shows a better selectivity profile, with
no affinity (> 1,000 nM) for other dopamine receptors and reveals potent full D4
agonism in functional assays (EC50 = 28.4 nM, intrinsic efficacy: 83% related to
10 μM dopamine). A-412997 shows rapid blood–brain barrier penetration, induces
penile erection in a conscious rat model with an effective dose of 0.1 μmol/kg,
and also induces cognitive enhancement properties in a rat model of ADHD and
short-term memory [123].

An extensive series of phenylpiperazines with an indole or pyrazolo[1,5-
a]pyridine core unit has been studied by Gmeiner et al. [124–127]. The majority
of these derivatives are partial D4 agonists as demonstrated by stimulated mitogen-
esis assays on CHO cells expressing the human D4.2 receptor. Using a solid-phase
supported synthesis, the influence of electropositive and electronegative substituents
at C-2 of the indole core was investigated, showing that such modifications do not
affect D4 affinity or subtype selectivity [124, 127]. These studies reveal that a 5-
cyano and the phenylpiperazinylmethyl substitution in 2-position of the indole core
is most favorable for high D4 affinity and substantial D4 subtype selectivity. Among
the series of indoles (Fig. 5.18), the phenylpiperazine FAUC 299 shows D4 affin-
ity in the subnanomolar range (Ki = 0.52 nM), and the corresponding para-fluoro
derivative FAUC 316 displays high D4 affinity (Ki = 1.0 nM) combined with sub-
stantial D4 subtype selectivity of more than 8,600-fold over the other dopamine
subtypes. FAUC 299 and FAUC 316 reveal partial agonism with EC50 values of
1.5 nM and 9.4 nM, respectively, and a relative partial agonist effect of 30–35%
compared to the maximal effect of the unselective agonist quinpirole [124].

Similarly, replacing the indole moiety by conformationally restricted benzamide
bioisosteres, such as a dihydroimidazole ring, led to the discovery of FAUC 179
(Fig. 5.18) [128]. The binding experiments show a biphasic curve, providing a
high-affinity D4 binding site (Ki = 0.95 nM) and a low-affinity binding site (51 nM),
being comparable to the properties of quinpirole. The D4 selectivity of FAUC 179 is
more than 7,000-fold over the other D2-like receptors. The affinity toward seroton-
ergic sites (5-HT1A: 45 nM; 5-HT2: 870 nM) is moderate to low, as determined
by displacement studies on porcine brain homogenates using selective tritiated
radioligands. FAUC 179 is finally characterized as a selective D4 partial agonist
(EC50 = 31 nM; efficacy: 42% relative to the reference quinpirole).

Alternative bioisosteres of the dihydroimidazole core unit of FAUC 179 have
also been reported, resulting in partial agonists with retained D4 affinity and efficacy
including the ethenylpyrrole FAUC 356 (Fig. 5.18) [129] or the tetrahydropyrimi-
dine FAUC 312 [130]. The latter reveals high D4 affinity (Ki = 1.5 nM), superior
subtype selectivity (Ki > 10 μM for the other D2-like receptors), and 83% intrinsic
agonist activity (EC50 = 50 nM).

The series of pyrazolo[1,5-a]pyridine-based ligands demonstrate high D4 affin-
ity (1.5–2.2 nM) and selectivity [125, 126]. Starting from pyrazolo[1,5-a]pyridine,
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which is readily available by 1,3-dipolar cycloaddition, or its 3-carboxylic ester,
an extended series of 3-substituted phenylpiperazinyl derivatives, including FAUC
113 (Fig. 5.18), has been achieved by Löber et al. [126]. This study also indicates
that a negative potential below and above the 5-membered ring of the heterocycle
appeared to be crucial for high D4 affinity, whereas an enlarged negative region
below the ring appears to be responsible for substantial D4 selectivity, since this
molecular property obviously is not tolerated by the other dopaminergic receptors.
Interestingly, non-bulky substituents in the 7-position of the pyrazolo[1,5-a]pyridine
core are well tolerated by the D4-receptor. The 7-iodo [131], 7-methyl, 7-acetylenyl,
7-carbaldehyde, and 7-cyano (FAUC 327, Fig. 5.18) derivative shows Ki values of
1.2–2.7 nM for the D4-receptor [125]. The latter has been subsequently shown to
stimulate mitogenesis in CHO-D4-expressing cells inducing an intrinsic effect of
31% with an EC50 of 1.5 nM. Applying a methyl group as a substituent within the
piperazine template, the R-isomer is a partial D4 agonist with an EC50 of 6.2 nM,
being five times more potent than the S-isomer [132].

As a structurally closely related analog of the pyrazolo[1,5-a]pyridines,
the 2-methoxyphenylpiperazinyl derivative of imidazo[1,2-a]pyridine (PIP-3EA,
Fig. 5.18) has been investigated by Enguehard-Gueiffier et al. [133]. This com-
pound is a potent and selective D4 partial agonist (Ki = 2.8 nM, D4/D2 > 350;
D4/D3 > 1,300) with EC50 of 4.5 nM and an intrinsic activity of 57% (based
on quinpirole) as determined in a [35S]GTPγS binding assay, whereas the 4-
chlorophenylpiperazinyl analog shows weak agonist properties and the 3,4-dichloro
derivative even reveals D4 antagonism. PIP-3EA has been further studied in vivo.
Applying systematic, intracerebroventricular (0.1–20 μg) or direct injection into
the paraventricular nucleus (PVN) of the hypothalamus, PIP-3EA mediates penile
erection in rats, being as potent as PD-168077 when given into the PVN, but more
potent when given systematically [134]. More recently, Succu et al. provided evi-
dence that the stimulation of dopamine receptors in the PVN, including the D4
subtype, caused oxytocin release in extra-hypothalamic rat brain areas, which in
turn is known to modulate the activity of mesolimbic dopaminergic neurons that are
involved in rewarding effects of sexual activity [135].

As a structurally related analog of haloperidol, A220528 (Fig. 5.18) was found
by conducting a high-throughput screen of an in-house library of compounds [136].
The 3-phenylpiperidine derivative (A220528, Fig. 5.1) and the respective thiazolyl
analog are potent and selective D4 agonists (EC50 = 51 and 34 nM; IC50(D2) >
2 μM) exhibiting full agonism (91 and 94%, related to dopamine) as determined
by a calcium flux assay on HEK 293 cells co-expressing hD4.4 and Gαq05 using a
fluorometric imaging plate reader (FLIPR assay).

Another high-throughput screening approach was successful for the discovery
of Ro-10-5824, a member of the biaryl type class of D4 selective ligands [137].
The compound displays high D4 affinity binding with a Ki of 5.2 nM, a 250-
fold D4-selectivity versus hD3-receptors and > 1,000-fold selectivity over the other
dopamine receptor subtypes. GTPγS-binding assays in CHO-D4.4 cell membranes
reveal an EC50 of 205 nM and a relative activation level of 36%, characterizing
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Ro-10-5824 as a selective partial D4 agonist (Fig. 5.18). The compound has been
tested in vivo for locomotor activity in a dose–response study and increases novel
object exploration by C57BL/6 J male mice using a dose of 10 mg/kg.

Employing a modified “click chemistry” method [138] or reductive amination
of the respective N-phenylpyrazole carbaldehyde, Löber et al. provide access to
another series of biaryl analogs of NGD 94-1 including FAUC 2020 (Fig. 5.18)
and its 2-fluoro- and 2-methoxyphenylpiperazinyl analogs [139]. These compounds
exhibit extraordinarily high D4 affinities with Ki values in the subnanomolar
range combined with > 50-fold D4 preference over the other dopamine subtypes
(Ki(hD4) = 0.59 nM for FAUC 2020; Ki(hD4) = 0.7 nM (2-fluorophenyl analog);
Ki(hD4) = 0.28 nM (2-methoxyphenyl)). In comparison with the corresponding pyr-
role template, the pyrazole or a triazole scaffold increases D4 affinity by a factor of
20. FAUC 2020 proves to be a partial agonist displaying intrinsic activities of 40 %
and EC50 of 5.6 nM using GTPγS binding and mitogenesis assays on D4-receptor-
expressing CHO cells. However, discrepancies between D4 selectivity in binding
experiments and functional assays have been noticed.

5.3.2 Selective D4 Antagonists

Several compounds originally reported to act as D4 antagonists were revealed by
subsequent investigations [140, 141] to be partial agonists, such as the selective D4
ligands L-745,870 (Ki(hD4)=0.43 nM, > 2,000-fold selectivity over other dopamine
subtypes, > 1,000-fold selective over 5-HT2 [142, 143]), U-101958 (Ki(hD4) =
1.4 nM, > 460-fold selectivity over other dopamine subtypes [144]), and NGD
94-1 (Ki(hD4) = 3.6 nM, Ki(D2) = 2230 nM, Ki(5-HT1A) = 180 nM [145])
(Fig. 5.18). Interestingly, the efficacy was only apparent in cells with high recep-
tor density in the in vitro assays [146]. Since an increased D4-receptor density
in postmortem schizophrenia brain tissue was reported by Seeman et al. [147],
it is tempting to speculate that this in vivo situation could also result in partial
agonist activity of these compounds in vivo, which may help explain the lack of effi-
cacy of these compounds in clinical trials aiming at the treatment of schizophrenia
[148, 149].

In the search for D4-receptor antagonists, Löber et al. studied the influence of
the linkage position of the (4-(4-chlorophenyl)piperazin-1-yl)methyl moiety to the
pyrazolo[1,5-a]pyridine on the functional activity of the resulting potential D4 lig-
and [150]. Linkage in the 7-position of the heterocycle leads to loss of D4 affinity,
whereas in the 4-position moderate D4 affinity of the resulting ligand with Ki =
64 nM for D4 is observed. However, the corresponding 2-substituted (FAUC 213,
(Fig. 5.19)), 3-substituted (FAUC 113, Fig. 5.18), and 6-substituted compounds
equally demonstrate high D4 affinities with Ki values of 2.3, 3.6, and 3.1 nM.
Among these, the regioisomer FAUC 213 is a neutral D4 antagonist as shown
by ligand-induced mitogenesis experiments, with substantial D4 selectivity. It was
further demonstrated that the intrinsic activity of the regioisomers investigated
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Fig. 5.19 Selective D4 ligands: neutral antagonists

depends on the ability of the heterocyclic unit to interact with both elements of the
D4 binding-site crevice, the aromatic microdomain in TM6, and a serine residue
in TM5. FAUC 213 has been further studied in behavioral and neurochemical
animal models of schizophrenia in vivo, exhibiting atypical antipsychotic properties
[151]. Although FAUC 213 holds promise for further pharmacological experiments,
it remains to be elucidated whether interfering receptors, such as adrenergic or
serotonergic, could influence the in vivo efficacy of FAUC 213.

A series of similar azaindoles with high D4 potency (Ki(hD4) = 1.4–4.7 nM) and
D4 selectivity are also characterized as D4 antagonists, and due to the methoxy sub-
stituents in some analogs, their C-11-labeled analogs are proposed as radioligands
for in vivo imaging studies [152].

Varying the aromatic core unit, D4 selective pyrido[1,2-a]pyrazine antagonists
have also been reported, including CP-293,019 (Ki(hD4) = 3.4 nM, Ki(hD2) > 3
μM), which inhibits apomorphine-induced hyperlocomotion in rats after oral dosing
[153].

As a derivative bearing a benzenesulfonamide, U-101387 displays moderately
high affinity and selectivity for the D4-receptor in vitro (Ki = 10 nM), lacking
measurable affinity for other dopamine, noradrenaline, serotonin and histamine
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receptors (Ki > 2,000 nM) [154, 155]. U-101387 also displays favorable oral
bioavailability, good brain penetration and is without effect in behavioral animal
tests predictive of extrapyramidal and neuroendocrine side effects. U-101387 has
been introduced in a clinical trial including 467 schizophrenia patients, where
U-101387 was, however, ineffective for the treatment of patients with schizophre-
nia [156]. Recently, U-101387 has been used to inhibit the effects of dopamine,
noradrenaline, and serotonin on G-protein-regulated inwardly rectifying potassium
channels (GIRK1) in frog oocytes co-expressing D4-receptors, thus indicating
that D4 can be pharmacologically stimulated by any of the three major central
monoamines [157].

With a unique fused thiophene structure, SCH 26682 (Fig. 5.19) has been
found by a compound library screening approach and further structural optimiza-
tion has been performed leading to the corresponding 2,5-dimethylthiophene NGB
4420 with a Ki of 12 nM and good D4 selectivity of 170-fold over D2 and
> 1,000-fold over D1, D3, and D5 [158]. The [35S]GTPγS binding assay using
hD4.2 receptor-expressing cells suggests that NGB 4420 functions as a neutral
antagonist.

Nakane et al. identified the benzoimidazole A-381393 (Fig. 5.19) as a struc-
turally related bioisostere of L-745,870 with potent D4 binding (Ki = 1.5 nM)
combined with high selectivity (> 2,700-fold) over the other dopamine receptor sub-
types [159]. Contrary to L-745,870, A-381393 does not show any intrinsic activity
in D4.4 and Gαq05 co-expressing HEK cells (measured by Ca2+-flux) and signifi-
cantly blocks agonist-induced GTP binding. Moreover, A-381393 also inhibits D4
agonist (PD-168077)-induced penile erection in the male rat animal model, success-
fully demonstrating D4 antagonist properties of A-381393 both in vitro and in vivo.
In addition, the selective D4-receptor antagonist A-381393 reduces c-Fos expression
in the PVN below control levels suggesting a tonic dopamine D4-receptor activation
under basal conditions in vivo [160].

The morpholine template as an bioisostere of the piperazine core has been
introduced by Audouze et al., revealing high D4 affinity (Ki(D4) = 2.0–4.5 nM),
especially for the S-isomer of a 2-methoxy-4-chlorophenoxy substituted compound
(2, Fig. 5.19), whereas the R-isomer is inactive [161]. A predictive 3D-QSAR model
also shows that the size of the morpholine or 1,4-oxazepane ring is a prerequisite
for high D4 affinity.

Alternative structural features of D4-selective candidates have been reported
by others, including benzylpiperazines bearing an azaindole core [162], benza-
mides bearing a benzylpyrrolidine scaffold [163, 164], or compounds with struc-
turally rigid pyrimidinylpiperazines [165]. More recently, novel lactam derivatives
have been prepared and evaluated for binding affinity and functional activity by
Awadallah et al., including the indolinone derivative 3 (Fig. 5.19) that displays
superior D4 affinity (Ki = 0.04 nM) and a > 43,000-fold selectivity over hD2 recep-
tor [166]. Antagonistic activity of this series of compounds was confirmed using
a calcium fluorescence assay. These series of candidates could be helpful in fur-
ther developments of D4-selective antagonists as potential treatments for psychiatric
disorders.
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5.3.3 Selective D4 Radioligands

Most of the D4 radioligand-binding studies were performed employing the indi-
rect method described by Seeman et al. [147] that involves the subtraction of
binding sites measured with the selective D2/D3 radioligand [3H]raclopride from
total D2-like binding sites defined by the unselective radioligand [3H]nemonapride.
This methodology has been used in various autoradiography studies [167–169] and
has been extended by the use of cold raclopride (1μM) in an assay system with
[3H]nemonapride, which appears to be more adequate when estimating D4-receptor
overall population in the mouse brain [170].

Isotopically labeled radioligands derived from the above described selective D4
ligands have been used for in vitro studies on D4-receptor expression in tissue by
autoradiography [171, 172]. A detailed study by Primus et al. using 3H-labeled
NGD 94-1 reveals region-specific binding that appeared to be low in density (< 20
fmol/mg) in the rat brain [172]. Highest D4-receptor density is detected in rat hip-
pocampus, lateral septal nucleus, medial preoptic area, and entorhinal cortex, with
negligible binding in the rat striatum. In several human brain regions, including
hippocampus, hypothalamus, dorsal medial thalamus, entorhinal cortex, prefrontal
cortex, and lateral septal nucleus, high-affinity [3H]NGD 94-1 binding has been
determined (approx. 30 fmol/mg). Again, binding was low, if not absent, in striatal
human brain regions.

Matulenko et al. synthesized the tritiated D4 agonist A-369508 (Fig. 5.20) by
reaction of a suitable brominated precursor with tritium gas in the presence of a
sensitive cyano group, obtaining the agonist radioligand in adequate specific activ-
ity for saturation binding experiments [173]. [3H]A-369508 shows high affinity
to hD4.2 (1.7 nM), hD4.4 (4.0 nM), and hD4.7 (1.2 nM), and also binds to rat
D4-receptors (Kd = 4.4 nM) [174]. The D4-receptor-subtype selectivity of [3H]A-
369508 is greater than 400-fold (D1, > 2,475-fold; D2L, 434-fold; D3, 1,022-fold;
D5 > 2,475-fold) and over 70 other potentially interfering neurotransmitter recep-
tors were tested. Among these, only moderate affinity to the 5-HT1A receptor (Ki =
1219 nM) is worth mentioning. Therefore, [3H]A-369508 is useful as an agonist
radioligand in competition-binding experiments and in autoradiography studies.

As recently reviewed [104], there is an intriguing interest in the development
of radiolabeled selective D4 ligands suitable for in vivo imaging of D4-receptor
densities by positron emission tomography (PET) to further explore the relevance
of this molecular target for various neurobehavioral and psychiatric disorders,
such as schizophrenia. Early PET studies using the nonselective D2/D3 radioli-
gand [11C]raclopride (Fig. 5.16) failed to detect dopamine receptor disturbances in
drug-naive patients [175], whereas the D2/D3/D4 affine radioligand [11C]spiperone
markedly indicates an increase in dopamine receptors in similar patients [176].
These findings suggest elevated D4-receptor densities in vivo, as confirmed by
Seeman et al. for postmortem schizophrenia brain tissue some years later [147].
Consequently, various attempts toward the development of subtype-selective D4
radioligands labeled with the positron emitters 18F and 11C have been reported.
The first study on a putative D4 radioligand was reported by Bender et al. dealing
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Fig. 5.20 Subtype-selective D4 radioligands

with the synthesis of [11C]clozapine (Fig. 5.20) [177]. Using [11C]methyl iodide in
DMSO, norclozapine was labeled in 70% with a specific activity in the range of
92–130 GBq/μmol. Biodistributional experiments in NMRI mice showed preferen-
tial brain uptake of [11C]clozapine in the frontal cortex, which was retained for up
to 40 min.

Later on, Boy et al. applied [11C]SDZ-GLC756 for imaging of D4-receptors in
the primate brain by PET, which included the need for D1, D2, D3, and D5 receptor
blockade by preinjection of SCH23390 and raclopride [178], indicating D4-receptor
localization in the frontal cortex and neocortex by this subtractive approach.

When searching for a selective PET ligand, without the need for pharmacological
blocking of interfering receptors, methoxybenzamide analogs of PD-168077, such
as [11C]PB-12 (Fig. 5.20), reported as highly potent and selective D4 ligands [179,
180], were labeled with [11C]methyl triflate [181, 182]; however, no specific binding
was detected in the monkey and rat brain.

The same group provided evidence that a 11C-labeled tetrahydrochromeno[3,4-
c]pyridin-5-one ([11C]4, Fig. 5.20), originally reported as a selective D4 antagonist
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[183], preferentially binds to sigma-1 receptors in vivo as demonstrated by blocking
studies with pentazocine [184]. Closely related 18F-labeled analogs have also been
synthesized [185, 186] and one candidate showed highest uptake in frontal cortex
and medulla of the rat brain [185].

18F- and 123I-labeled derivatives of pyrrolo[2,3-b]pyridines L-745,870 and L-
750,667 (5–7, Fig. 5.20) [162, 187–190] were also evaluated in animal models and
determined not to be suitable for in vivo imaging of the D4-receptor. In addition, D4
radioligand candidates for PET have been derived from naphthyl-based D4 ligands
[191], such as 11C-labeled SB-235753 (Fig. 5.20) [192], revealing homogeneous
distribution in the rat brain suggesting non-specific tracer uptake.

In terms of the selective D4 ligands FAUC 316, FAUC 113, and FAUC 213
(Fig. 5.18, Fig. 5.19), the syntheses of radiolabeled analogs have been studied
by Prante et al., including 7-iodo-FAUC 113 [131, 193], 18F-labeled 5-cyano-
indoles ([18F]8) [194], benzylpiperazines ([18F]9) [195], and an extended series
of 18F-labeled pyridinyl- and (2-fluoroethoxy)phenyl substituted pyrazolo[1,5-
a]pyridines [196] (Fig. 5.20). Among these, the para-(2-fluoroethoxy)phenyl candi-
dates revealed superior D4 selectivity over D2 (> 2,300-fold) combined with inverse
agonism at D4 as studied in mitogenesis experiments. The 18F-labeled D4 inverse
agonist FAUC F41 (Fig. 5.20) revealed a promising binding pattern in vitro and
ex vivo, reflecting the known D4-receptor distribution, as determined by autoradio-
graphy in comparison with [3H]nemonapride (1μM raclopride) [196]. 18F-labeled
FAUC F41 binding was blocked by FAUC 213 and eticlopride in vitro, while co-
injection of rats with L-750,667 blocked binding of FAUC F41 in distinct regions of
the rat brain, including the gyrus dentate region of the hippocampus, hypothalamus,
the medial habenular nucleus, central medial thalamic nucleus, septum, and cortical
areas, whereas low binding was detected in the striatum [196, 197]. Although FAUC
F41 holds promise for further in vivo studies, a suitable selective D4 PET ligand for
human use still remains to be established.
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Chapter 6
Dopamine Receptor Signaling: Intracellular
Pathways to Behavior

Robert J. Romanelli, John T. Williams, and Kim A. Neve

Abstract Dopamine receptors belong to the large family of heptahelical transmem-
brane spanning G protein-coupled receptors (GPCRs). Five mammalian dopamine
receptor subtypes have been identified and are classified into two major groups, the
D1-like (D1 and D5) and D2-like (D2, D3, and D4) receptors. Two splice variants of
the D2 receptor exist, D2-Long (D2L) and D2-Short (D2S), which differ by an insertion
of 29 amino acids in the third intracellular loop of D2L. In this chapter, we discuss
canonical and non-canonical signaling pathways regulated by individual dopamine
receptor subtypes and the contribution of these pathways to dopamine-induced
behaviors. Particular focus is given to the behavioral effects of drugs of abuse,
including the psychostimulants cocaine, amphetamine, and methamphetamine.

Keywords Dopamine · Dopamine receptor · Adenylate cyclase · G protein ·
Arrestin · Akt · Phospholipase C · Protein kinase A · Cyclic AMP

6.1 Dopamine Receptor Overview

6.1.1 Introduction

Dopamine receptors belong to the large family of heptahelical transmembrane span-
ning G protein-coupled receptors (GPCRs). Five mammalian dopamine receptor
subtypes have been identified and are classified into two major groups, the D1- (D1
and D5) and D2- (D2, D3, D4) like receptors. Two splice variants of the D2 receptor
exist, D2-Long (D2L) and D2-Short (D2S), which differ by an insertion of 29 amino
acids in the third intracellular loop of D2L [1, 2].
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Although dopamine receptors are similar in structure, receptor subtypes differ
by their affinity for dopamine and coupling to downstream effectors, including het-
erotrimeric guanine nucleotide-binding proteins (G proteins) [3]. These factors, in
addition to the differential distribution of individual receptor subtypes, contribute to
the complexity of dopaminergic signaling in the brain.

Signaling through dopamine receptors regulates neural processes such as motor
activity, motivation and reward (including drug-seeking behavior), and higher
cognition (including working memory) [4]. Dysfunction of dopamine signaling
contributes to the pathophysiology of various neurological and psychiatric ill-
nesses, including Parkinson’s disease, Tourette’s syndrome, schizophrenia, mood
disorders, and drug addiction. The signaling pathways through which dopamine
receptors mediate such behaviors in normal and disease states remain enigmatic.
Our challenge is to understand how dopamine-regulated signaling pathways are inte-
grated downstream of the multiple receptor subtypes to produce diverse behavioral
outcomes.

In this chapter, we discuss the signaling pathways regulated by individual
dopamine receptor subtypes and the contribution of these pathways to dopamine-
induced behaviors. Particular focus is given to the behavioral effects of drugs
of abuse, including the psychostimulants cocaine, amphetamine, and metham-
phetamine, which act as non-selective, indirect agonists of dopamine receptors
by elevating extracellular levels of dopamine. These drugs have been well stud-
ied in rodent models of addiction, in which endogenous dopamine receptors can
be modified genetically or pharmacologically. Accordingly, these studies provide a
valuable tool for parsing the role of dopamine receptor signaling pathways and their
behavioral correlates.

6.1.2 Expression

Dopamine receptor subtypes are expressed differentially throughout the brain. Of
the D1-like receptors, D1 receptors are the most abundant, with mRNA transcripts
found in the neostriatum, nucleus accumbens, and olfactory tubercle. Lower levels
of D1 receptor mRNA are found in the cerebral cortex, hypothalamus, and thalamus
[5]. D5 receptor mRNA is found mainly in the hippocampus and hypothalamus [6].

Of the D2-like receptors, D2 receptors are the most abundant, with mRNA tran-
scripts found in the neostriatum, nucleus accumbens, and olfactory tubercle, as well
as the midbrain, including the substantia nigra and ventral tegmental area [5]. D2
mRNA transcripts also are found in the pituitary [7]. Khan and colleagues, using
specific antibodies directed against the D2 splice variants, report that D2S is located
predominantly in cell bodies and axons of dopaminergic neurons of the primate
midbrain, whereas D2L is more strongly expressed by neurons of the striatum and
nucleus accumbens that are targeted by dopaminergic neurons [8]. Accordingly, in
the primate brain, D2S and D2L are primarily localized to pre- and postsynaptic
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membranes, respectively. The physiological role for pre- or postsynaptic dopamine
receptors is discussed at length later in Section 6.7.

D3 and D4 receptors are less abundant and less widely distributed compared to
D2 receptors. D3 receptor mRNA transcripts are found in the nucleus accumbens,
olfactory tubercle, and hippocampus [9]. Lower levels of D3 receptor mRNA are
found in the hypothalamus, neostriatum, and midbrain. Finally, D4 receptor mRNA
is found primarily in areas of the cerebral cortex, hippocampus, cerebellum, and
amygdala [10].

6.2 Dopamine Receptor Coupling to G Proteins

Dopamine receptor signaling is mediated chiefly through heterotrimic G proteins,
which are comprised of an α, β, and γ subunit complex [11]. The G protein α sub-
unit (Gα) binds guanine nucleotides and cycles between an inactive GDP-bound
state and an active GTP-bound state [12]. Upon agonist binding, receptors undergo
a conformation change that activates Gα through the exchange of GDP for GTP,
resulting in the dissociation of the constitutive dimeric G protein β and γ subunits
(Gβγ). Gα-GTP and Gβγ directly modulate downstream targets of dopamine recep-
tors, including second messengers and ion channels [13]. Finally, G protein activity
is terminated by GTP hydrolysis and the re-formation of the G protein heterotrimer
[12]. It is important to keep in mind that, although we speak of “dissociation” and
“re-formation” of the heterotrimer to describe what is happening functionally, the
extent to which there is physical dissociation, as opposed to protein conformational
changes within a stable multi-protein signalplex, is still being determined [14, 15].

A distinguishing feature of D1- and D2-like receptors is their differential cou-
pling to heterotrimeric G proteins. In many cell types D1-like receptors couple to
Gαs, which activates adenylate cyclase [16, 17]; however, recent evidence suggests
that Gαolf, a G protein originally identified as a mediator of olfaction, also couples
to D1-like receptors for the stimulation of adenylate cyclase. In the rodent neos-
triatum, where expression of Gαolf is abundant and Gαs is relatively low [18], D1
receptor activation of adenylate cyclase is mediated by Gαolf [19, 20]. In contrast,
D2-like receptors couple to the pertussis toxin-sensitive Gαi or Gαo, which inhibit
adenylate cyclase [21]. Numerous studies have reported that D2 receptors are capa-
ble of coupling to and activating multiple pertussis toxin-sensitive G proteins, and it
seems likely that different G protein subtypes mediate distinct signaling responses
[22, 23], but evidence from a variety of experimental approaches suggests that Gαo
is particularly important for signaling by D2 receptors [22–28] and by D3 receptors
[29, 30], particularly in the rodent brain [31]. Characterization of Gαz null mutant
mice suggests that this member of the Gαi family is also important for D2-like
receptor function [32].

The coupling of dopamine receptors to specific Gβγ proteins is less character-
ized. In mice lacking Gγ7, a subunit enriched in the dopamine receptor-expressing
medium spiny neurons of the neostriatum [33], D1-like receptor-induced adenylate
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cyclase activity is reduced in this brain region [34]. Notably, these animals also dis-
play a significant and selective reduction in Gαolf expression in the striatum. Thus,
striatal D1-like receptors likely regulate adenylate cyclase through Gαolf/Gβγ7. In
HEK293 cells, reduced expression of Gγ7 also causes a loss of expression of Gβ1;
the loss of these two subunits is associated with decreased stimulation of adenylate
cyclase by D1 receptors, but not D5 receptors [35].

In addition to the aforementioned G proteins, which regulate adenylate cyclase
activity, increasing evidence suggests that dopamine receptors couple to G proteins
that modulate alternative effectors. For example, D1- and D2-like receptor coupling
to Gαq, which stimulates phospholipases and the consequent hydrolysis of phos-
phoinositides, has been described [13]. In what follows, we discuss the coupling of
dopamine receptor subtypes to G proteins in the context of specific signaling and
behavioral responses.

6.3 Regulation of Adenylate Cyclase

6.3.1 D1-Like Receptor Regulation of Adenylate Cyclase

D1-like receptor stimulation of Gαs or Gαolf induces the activation of adeny-
late cyclase, an enzyme that catalyzes the conversion of ATP to cyclic AMP, and
consequently the disinhibition of the catalytic subunit of cyclic AMP-dependent
protein kinase (PKA). In the striatum, D1-like receptors likely activate PKA
through adenylate cyclase 5, which is highly expressed in this brain region [36],
since genetic ablation of this isoform almost eliminates D1-like agonist-stimulated
adenylate cyclase activity [37]. PKA in turn phosphorylates multiple downstream
targets, including the cyclic AMP regulatory element-binding protein (CREB), the
dopamine and cyclic AMP-regulated phosphoprotein, 32 kDa (DARPP-32), and
various ion channels (Fig. 6.1).

D1-like receptor-mediated phosphorylation of CREB at Ser133 by PKA leads
to the translocation of CREB to the nucleus and CREB-dependent transcription
of numerous genes, including the immediate early gene c-fos [38]. CREB-induced
gene transcription is associated with synaptic plasticity and memory formation [39]
and with long-term changes in gene expression and synaptic function associated
with drug addiction [40].

PKA-dependent phosphorylation of DARPP-32, a striatal-enriched phosphopro-
tein, at Thr34 leads to DARPP-32-dependent inhibition of protein phosphatase 1
(PP1) [41, 42]. PP1 inhibition, however, is negatively regulated through cyclin-
dependent kinase 5-induced phosphorylation of DARPP-32 at Thr75, resulting
in DARPP-32-mediated inhibition of PKA [43]. In contrast, PP1 inhibition is
augmented by PKA-dependent activation of protein phosphatase 2A, which dephos-
phorylates DARPP-32 at Thr75 [44]. Therefore, DARPP-32 is regulated by phos-
phorylation at multiple residues through a complex positive and negative feedback
system. DARPP-32 also activates the transcription factor �FosB, which regulates
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Fig. 6.1 Dopamine receptor G protein-mediated signaling. D1- and D2-like receptors activate
multiple signaling pathways through G proteins, including the canonical adenylate cyclase-PKA-
DARPP-32 and PLC pathways, as well as the non-canonical Akt and ERK pathways. Although not
depicted in the figure, many PKA-mediated responses involve both direct PKA-catalyzed phos-
phorylation and inhibition of dephosphorylation via DARPP-32-mediated inhibition of PP1. The
D1 receptor, in particular, influences the localization and function of AMPA- and NMDA-type
glutamate receptors by both PKA-mediated phosphorylation and protein:protein interactions. The
D1-like receptor that activates PLC might be a D1 receptor, a D5 receptor, or a D1/D2 heteromer.
AC, adenylate cyclase; CaMK, calcium-, calmodulin-dependent kinase; Cdk5, cyclic-dependent
kinase 5; CREB, cyclic AMP response element-binding protein; DAG, diacylglycerol; GIRK, G
protein-regulated inwardly rectifying potassium channel; IP3, inositol trisphosphate; PKA, cyclic
AMP-dependent protein kinase; PLC, phospholipase C; PP1, 2A, 2B, protein phosphatase-1,- 2A,
-2B; RTK, receptor tyrosine kinase

the expression of the GluR2 AMPA–glutamate receptor subunit, cyclin-dependent
kinase 5, and dynorphin [45, 46].

Several lines of evidence suggest that the activity of DARPP-32 is regulated by
drugs of abuse. For example, amphetamine increases DARPP-32 phosphorylation
at Thr34 and Ser130 in the frontal cortex and neostriatum [47]. Acute metham-
phetamine administration also increases DARPP-32 phosphorylation at Thr34 in
the nucleus accumbens, but chronic administration of methamphetamine decreases
Thr34 phosphorylation [48]. DARPP-32 is required for cocaine-induced expression
of �FosB [49], which persists for days to weeks following administration of various
drugs of abuse and may serve as a molecular switch for long-term changes in gene
expression associated with addiction [46, 50].

PKA directly phosphorylates voltage- and ligand-gated ion channels or indirectly
promotes phosphorylation of these channels through DARPP-32-mediated inhibi-
tion of PP1 [13]. Multiple putative PKA phosphorylation sites have been identified
in voltage-gated Na+ channels [51, 52]. D1-like receptor-mediated PKA activation
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decreases Na+ and K+ inward rectifying channels [53, 54] but increases L-type and
decreases N and P/Q-type Ca2+ channel activity [55]. Direct interactions between
the D1 receptor and Ca2+ channels may also contribute to regulation of channel
distribution and function [56].

Additionally, D1-like receptors modulate glutamatergic and GABAergic neu-
rotransmission through protein–protein interactions [57–59] and via the phos-
phorylation of NMDA, AMPA, and GABA receptor subunits [60, 61], thereby
altering receptor currents. D1-like receptor-induced phosphorylation of the GluR1
AMPA receptor subunit is observed in mice after treatment with cocaine and
methamphetamine, and requires DARPP-32 [62]. The regulation of ion channels
by dopamine receptors is discussed at greater length in Chapters 7, 11, and 14.

6.3.2 D2-Like Receptor Regulation of Adenylate Cyclase

D2-like receptors inhibit adenylate cyclase through coupling to the pertussis toxin-
sensitive G proteins Gαi and Gαo, thereby decreasing or preventing stimulation
of cyclic AMP production [63–66]. Accordingly, D2-like receptors act oppositely
to D1-like receptors in the regulation of substrates downstream of cyclic AMP,
including PKA and DARPP-32. D2 receptor stimulation decreases DARPP-32 phos-
phorylation at Thr34 and increases DARPP-32 phosphorylation at Thr75, inhibiting
this phosphoprotein [44, 67]. It would be expected that D2-like receptor stimulation
also decreases CREB phosphorylation. However, in sagittal brain slices (including
the neocortex, neostriatum, hippocampus, thalamus, and substantia nigra) the D2-
like agonist quinpirole stimulates CREB phosphorylation, presumably through a
cyclic AMP-independent mechanism [68].

The nature of functional differences between D2 receptor splice variants remains
controversial; however, a few studies have reported differences in their pharmaco-
logical properties, such that D2S receptors have a two to threefold higher affinity for
some substituted benzamide drugs compared to D2L receptors [69, 70]. D2S and D2L
receptors are also thought to couple differently to G proteins, since the alternatively
spliced exon lies in a region that mediates G protein interactions. This is supported
by evidence that heterologously expressed D2S receptors in cell lines have a higher
affinity for dopamine in the absence of GTP compared to D2L receptors [69, 71,
72]. Furthermore, D2S receptors more potently inhibit adenylate cyclase than D2L
receptors [73, 74]. Taken together, D2S receptors may be more efficiently coupled
to or interact with distinct subtypes of G proteins.

6.3.3 Cyclic AMP-Dependent Signaling and Behavior

Considerable evidence suggests that cyclic AMP-dependent signaling is important
for modulating dopamine-induced behaviors. A null mutation of Gαolf or adenylate
cyclase 5 in mice increases spontaneous locomotor activity [19, 37], whereas when
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stimulated with psychostimulants, animals deficient in either Gαolf or DARPP-32
display an attenuated locomotor response [19, 49, 75], consistent with the phenotype
of D1 receptor KO animals [76, 77]. Notably, adenylate cyclase 5 KO mice retain
D1 agonist-induced locomotor behaviors, but haloperidol-induced catalepsy and the
ability of sulpiride and haloperidol to suppress locomotor behavior (D2 receptor-
mediated effects) are markedly impaired in these animals [37].

Although PKA-deficient mice display no change in spontaneous activity [78],
psychostimulant-induced expression of c-fos in the dorsal medial striatum and
D2 antagonist-induced catalepsy are attenuated in PKA KO mice [79, 80]. PKA
KO mice display no changes in locomotor behavior after acute administration of
amphetamine or cocaine but exhibit a heightened sensitization to repeated adminis-
tration of amphetamine [80]. Direct infusion of cyclic AMP analogs into the nucleus
accumbens, resulting in the inhibition or activation of PKA, respectively, reduces
or enhances cocaine-seeking behavior [81, 82]. Thus, PKA activity is associated
with psychostimulant-seeking behavior and sensitization but may not be required
for acute responses to these drugs.

DARPP-32 KO mice are also unresponsive to inhibition of locomotor activity
via D2 antagonists [42], and lose D2 receptor-mediated inhibition of glutamatergic
neurotransmission and enhancement of intercellular coupling in nucleus accumbens
spiny neurons [83]. Together, these data suggest that D1-like receptors can regulate
locomotor activity independent of cyclic AMP signaling but that normal regulation
of this behavior by D2-like receptors requires cyclic AMP.

6.4 Regulation of Phospholipase C

6.4.1 D1-Like Receptor Regulation of Phospholipase C

Stimulation of phospholipase C (PLC) induces phosphoinositide hydrolysis, leading
to the production of inositol trisphosphate (IP3) and the concomitant mobilization
of calcium from intracellular stores [84, 85]. Calcium release, in turn, regu-
lates calcium-dependent proteins such as calcium/calmodulin-dependent kinase II
(CaMKII) and protein phosphatase 2B (calcineurin).

A putative D1-like receptor that stimulates PLC has been proposed. Most D1
receptor agonists stimulate accumulation of inositol phosphate in several brain
regions; in addition, a D1 agonist, SKF83959, with behavioral effects similar to
other D1 agonists but that antagonizes D1 receptor stimulation of adenylate cyclase,
stimulates PLC rather than adenylate cyclase [86–91]. Interestingly, another ligand,
SKF83822, has been identified that activates D1-like receptor-mediated cyclic AMP
accumulation but not stimulation of PLC [92]; this compound has behavioral effects
that are distinct from those of most other D1-like receptor agonists [93]. In particu-
lar, SKF83822 induces seizures that are abolished in D1 KO mice and decreased in
DARPP-32 KO mice, indicating a significant contribution of this signaling pathway
to the behavior [94]. As mentioned in the previous section, the existence of D1-like
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receptors that signal independently of Gαolf/adenylate cyclase is underscored in both
Gαolf and adenylate cyclase 5 KO mice, in which D1 agonist-induced locomotor
activity is preserved [37, 95].

D1-like receptors stimulate PLC through coupling to the G protein Gαq [89, 96–
98]. The distribution of Gαq overlaps with D1 agonist-induced PLC stimulation in
brain regions in which expression of Gαolf is low and adenylate cyclase activation is
weak, namely the amygdala and hippocampus [86, 96, 99]. However, several studies
report that D1 receptor agonists stimulate PLC in neurons from other brain regions,
such as the neostriatum and prefrontal cortex, and regulate neuronal excitability
[100, 101].

In D1 receptor KO mice SKF83959-mediated production of inositol phosphate
and the coupling of [3H]SCH23390-binding sites to Gαq have been reported to
be preserved, indicating that the PLC-linked D1-like receptor is not a product of
the drd1 gene [102]. Notably, the D1 antagonist SCH23390 attenuates D1 agonist-
induced inositol phosphate production in these animals, confirming that even in the
D1 receptor KO animals the response is mediated by a D1-like receptor. This is,
however, contradicted by a more recent finding that activation of Gαq by dopamine
receptor agonists was abolished in D1 and in D2 receptor KO mice [103]. It has
also been suggested that the PLC-linked receptor is possibly of the D5 receptor sub-
type since genetic deletion of this receptor attenuates SFK83959-induced grooming
behavior [104]. Indeed, Undie and colleagues recently reported that D1-like recep-
tor activation of PLC is reduced or ablated in D5 receptor KO mice [105]. On the
other hand, D5 receptor abundance is low in the mouse amygdala [106], a brain
region which in the rat is rich in D1-linked PLC [86].

6.4.2 D2-Like Receptor Regulation of PLC

In contrast to D1-like receptors, activation of D2-like receptors stimulates PLC
and calcium mobilization through mechanisms including Gβγ and receptor tyro-
sine kinase transactivation, depending on the receptor subtype and brain region.
For example, in acutely dissociated neostriatal medium spiny neurons, D2 receptor
stimulation produces Gβγ-mediated activation of PLC, resulting in dephosphoryla-
tion and inhibition of L-type Ca2+ channels [107]. In prefrontal cortical neuronal
cultures, D4 but not D2L receptors stimulate a rapid translocation of CaMKII to
postsynaptic membranes and consequent GluR1 AMPA receptor subunit phos-
phorylation via the stimulation of PLC and calcium mobilization [108]. D2 and
D3 receptor-induced transactivation of the platelet-derived growth factor recep-
tor (PDGFR) inhibits NDMA-evoked currents in a PLCγ-dependent manner in
prefrontal cortical neurons [109]. In cultured hippocampal neurons, D4 receptor-
induced transactivation of the PDGFR inhibits NMDA-evoked currents in a Gαi/o-,
PLCγ-dependent manner [110]. These pathways may contribute to the cyclic
AMP-independent regulation of CREB observed by Yan and colleagues [68].
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6.4.3 Regulation of PLC Through D1 and D2 Receptor
Heteromerization

Recent evidence suggests that pharmacologically unique D1 and D2 receptor het-
eromers stimulate PLC and induce the release of calcium from intracellular stores
through Gαq coupling [103, 111]. In HEK293 cells co-expressing D1 and D2L recep-
tors, co-application of the D1 agonist SKF81297 and the D2 agonist quinpirole,
or application of dopamine, stimulates calcium mobilization in a PLC- and IP3-
dependent manner. The application of D1 agonist alone produces only a small rise
in intracellular calcium; this, however, is not observed in cells individually express-
ing the D1 or D2L receptor, where agonist stimulation has no effect on calcium
mobilization, suggesting that an interaction between the D1 and D2 receptor is
required. A role for activation of Gαq in the response is indicated by its insensitivity
to pertussis toxin and sensitivity to a Gαq inhibitor, and by the demonstration of
heteromer-mediated activation of Gαq. Interestingly, unlike most adenylate cyclase-
stimulating D1 agonists, the adenylate cyclase-specific agonist SKF83822 does not
increase Ca2+ mobilization even in the presence of quinpirole, and the PLC-specific
D1 agonist SKF83959 activates the putative heteromer and Ca2+ mobilization in the
absence of a D2 agonist [103].

Heteromerization of D1 and D2L receptors is supported by studies in which both
receptor subtypes have been co-immunoprecipitated from the rat neostriatum and
from heterologous expression systems [111, 112]. Notably, the abundance of the
putative D1/D2L receptor complex increases in the rat neurostriatum during brain
development, becoming most abundant in late adulthood [103].

The aforementioned studies suggest that the formation of dopamine receptor het-
eromers mediates coupling to Gαq and consequently increases dopamine-regulated
calcium signaling. The implications of this developmental “switch” for dopamine
receptor signaling in the context of neural development and neurological dis-
eases remain undefined, and significant questions remain about the extent of
co-localization of D1 and D2 receptors in striatal neurons [113].

It is tempting to conclude that the Gαq-coupled D1/D2 heteromer and the
PLC-linked D1 receptor are the same molecular entity, particularly considering
the correspondence between the effects of adenylate cyclase-selective SKF83822
and PLC-selective SKF83959 in the two systems, but as alluded to above there
are two significant discrepancies. First, the PLC-linked D1 receptor has not been
reported to require co-activation of D2 receptors, whereas both receptors in the
D1/D2 heteromer must be activated. It has been argued that the high concentra-
tions of D1 agonists used to characterize the PLC-linked D1 receptor would likely
activate D2 receptors, as well [114]; however, in earlier reports D2 receptor antag-
onists did not prevent activation of Gαq by dopamine [96, 99], formation of IP3
by SKF83959 [89], or SKF83959-induced Ca2+ mobilization in hippocampal neu-
rons [115], indicating that activation of D2 receptors was not involved in these
responses. Second, as mentioned above, Friedman et al. reported that dopamine-
and SKF38393-induced inositol phosphate accumulation in the cortical slices and
coupling of [3H]SCH23390-binding sites to Gαq were unaltered in D1 receptor KO
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mice [102] and Sahu et al. reported that D1-like receptor-induced inositol phosphate
accumulation is lost in D5 receptor KO mice [105], whereas Rashid et al. reported
that activation of Gαq in neostriatal tissue by co-activation of D1 and D2 receptors
was abolished in either D1 or D2 receptor KO mice [103].

6.4.4 PLC and Behavior

Compared to dopamine-induced cyclic AMP signaling, less is known about the
behavioral implications of dopamine-induced PLC signaling. However, that dis-
ruption of cyclic AMP-dependent signaling results in modest effects on many D1
receptor-mediated behaviors suggests that alternative pathways such as PLC might
regulate those behaviors. Indeed, D1 agonists that stimulate both adenylate cyclase
and PLC and the atypical D1 agonist SKF83959 that stimulates only PLC elicit simi-
lar behaviors when administered to rodents and primates [87, 116–118]. In addition,
like other D1 agonists, SKF83939 induces contralateral rotations in the unilateral
6-hydroxydopamine-lesioned rodent model of Parkinson’s disease [119, 120]. In
contrast, the adenylate cyclase-specific D1 agonist SFK83822 induces sniffing and
seizures in mice [93]. These observations suggest that many behaviors induced by
D1 receptor agonists require activation of PLC.

Deletion of PLCβ-1 in mice enhances locomotor hyperactivity but impairs sen-
sorimotor gating, socialization, and cognitive skills, behaviors generally associated
with schizophrenia in humans. The D2 antagonists and antipsychotic drugs clozap-
ine and haloperidol rescue some of these impairments [121, 122] suggesting a role
for dopaminergic signaling in this phenotype. Furthermore, an increase and decrease
of PLCβ-1 in the prefrontal cortex and superior temporal cortex, respectively, has
been reported in patients with schizophrenia [123].

6.5 Arrestin-Dependent Signaling

6.5.1 Overview

Originally identified as a protein involved in receptor desensitization [124] and
then resensitization [125], there is increasing evidence for a role of arrestin in
GPCR signaling [126, 127], particularly for signaling pathways other than the
canonical heterotrimeric G protein-regulated pathways (adenylate cyclase, phospho-
lipase C, Gβγ-regulated ion channels). It ought to be noted that although in some
cases arrestin-mediated signaling has been shown to be independent of G proteins
because it can be induced by ligands that are antagonists for receptor activation
of G proteins [128, 129] or mediated by mutant receptors that are incapable of
coupling to G proteins [130], in other cases it seems possible that stimulation of
G proteins is required for receptor phosphorylation and arrestin binding prior to
arrestin-dependent signaling.
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Arrestin-dependent signaling may involve the spatial redistribution of dopamine
receptors from the plasma membrane into endosomal vesicles, facilitating the inter-
action of receptors with distinct cytosolic signaling proteins not available at the cell
surface, a mechanism that has been demonstrated for other receptor families such as
receptor tyrosine kinases [131]. In addition, arrestin may serve as a scaffold for spe-
cific signaling proteins, such as Akt, during desensitization of G protein-mediated
signaling [132].

Arrestin2 KO mice display normal spontaneous locomotor behavior but reduced
apomorphine-induced climbing [133]. Arrestin3 KO mice also exhibit reduced
apomorphine-induced climbing, along with reduced amphetamine-induced locomo-
tor activity [133, 134]. (Arrestin2 and 3 are also referred to as βarrestin1 and 2,
respectively.) These data suggest roles for arrestin2 and, in particular, arrestin3,
that are independent of desensitization, because responses would be elevated in
the arrestin KO mice if the primary function of arrestin were to reduce dopamine
receptor responsiveness.

In the following sections we discuss the regulation of non-canonical dopamine
receptor-mediated signaling pathways that have been often described as arrestin
dependent, namely the MAP kinase and Akt/GSK-3β pathways. However, in
many studies these pathways also are activated in a G protein-dependent man-
ner. Regardless, these non-canonical pathways are important for the regulation
of dopamine-induced behaviors and are discussed in the context of activation by
psychostimulants and through individual dopamine receptor subtypes.

6.5.2 Regulation of MAP Kinases

6.5.2.1 Overview of MAP Kinases

Mitogen-activated protein (MAP) kinases regulate a variety of cellular processes
including cell growth, proliferation, differentiation, and survival [135]. MAP
kinases are divided into three major groups: the extracellular-regulated kinases
(ERKs), the c-jun N-terminal kinases (JNKs), and the p38 kinase [135, 136]. In the
brain, signaling through the ERKs, particularly ERKs 1 and 2 (ERK1/2), is involved
in neuronal plasticity, memory formation, and locomotor behavior, whereas the JNK
and p38 signaling pathways are involved in neuronal stress responses [137–141].
Most studies of psychostimulant regulation of MAP kinase pathways in the brain
have focused on ERK1/2.

The ERK1/2 pathway is regulated by drugs of abuse through enhanced dopamin-
ergic signaling in rodents, although there are discrepancies among studies that
may reflect time- and brain region-dependent changes in ERK1/2 phosphorylation.
Repeated but not acute cocaine administration induced ERK1/2 phosphorylation in
the ventral tegmental area [142]. In a study by Valjent and colleagues, however,
acute injection of cocaine induced phosphorylation of ERK1/2 in medium spiny
neurons of the nucleus accumbens and neostriatum [143]. In other studies, both
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acute and chronic administration of cocaine induced ERK1/2 phosphorylation in
the prefrontal cortex, neostriatum, and amygdala [144–146].

Activation of the ERK1/2 pathway, in turn, is required for the expression of
many psychostimulant-induced behaviors. In mice, the blockade of the ERK1/2
pathway with MAP kinase and ERK kinase (MEK) inhibitors attenuates the reward-
ing properties of cocaine and amphetamine [143, 147, 148]. Furthermore, ERK1/2
inhibition prevents cocaine-induced sensitization and expression of the immediate-
early gene c-fos [149–151]. Interestingly, the genetic deletion of ERK1 in mice
results in an increased cocaine-induced sensitization and an enhanced response
to the rewarding properties of morphine due to potentiated ERK2 signaling [152,
153]. These data are consistent with other studies in vivo and in vitro demon-
strating that ERK1 is a less efficient kinase and consequently attenuates ERK2
signaling [154–156]. Thus, ERK1 and ERK2 may negatively and positively reg-
ulate psychostimulant-induced behaviors, respectively. The above data strongly
implicate ERK1/2 activation in dopamine receptor-mediated behavioral responses
to psychostimulant drugs. Evidence for the direct regulation of the MAP kinase
pathways through specific dopamine receptor subtypes is discussed below.

6.5.2.2 D1-Like Receptor Regulation of MAP Kinases

The regulation of MAP kinases through the D1 receptor appears to be agonist-,
cell-, and time-dependent. In primary striatal cultures, acute stimulation (2–20 min)
with the selective D1-like receptor agonist SKF38393 induces ERK1/2 activation
[157, 158]. Co-activation of D1-like receptors and metabotropic glutamate receptors
also causes a PKC-dependent activation of ERK that is greater than the activation
for either receptor subtype alone [158]. In contrast, acute stimulation of endoge-
nous D1 receptors with SKF38393 activates JNK and p38, but not ERK1/2 in a
neuroblastoma cell line [159]. However, more prolonged (60–120 min) stimulation
with dopamine or with the D1 agonist SKF38393 in these cells results in activa-
tion of JNK, p38, and ERK1/2 in addition to ERK1/2-mediated oxidative stress and
cytotoxicity [160]. This pathway requires an interaction between the D1 receptor,
phosphorylated ERK1/2, and arrestin3, which retains activated ERKs in the cytosol
(Fig. 6.2).

Recent evidence suggests that ERKs activate distinct substrates in cytosol com-
pared to the nucleus. For example, ERKs localized in the nucleus induce gene
transcription leading to mitogenesis and survival, whereas ERKs localized in the
cytosol are reported to induce cytotoxicity [161]. D1 receptor-mediated cytotoxi-
city as described by Chen and colleagues [160] provides a novel mechanism by
which dysfunction of dopaminergic neurotransmission, in cases such as chronic
psychostimulant drug use, may cause striatal neurodegeneration [162, 163].

In vivo, stimulation of D1-like receptors after dopamine depletion in the neostria-
tum induces ERK1/2 activation [164]. Furthermore, D1 receptors stimulate NDMA
receptor-dependent activation of the ERK1/2, JNK, and p38 kinase pathways in the
neostriatum [151, 165]. Selective antagonists to D1- but not D2-like receptors atten-
uate ERK1/2 phosphorylation in the neostriatum [143, 146]. Valjent and colleagues
also show diminished cocaine-induced ERK1/2 phosphorylation in DARPP-32 KO
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Fig. 6.2 Dopamine receptor arrestin-mediated signaling. D1- and D2-like receptors can mediate
non-canonical signaling pathways (ERK and Akt/GSK-3β) through the formation of arrestin-
dependent signaling complexes. Receptor-activated arrestin3 is a scaffold for both PP2A and Akt,
promoting PP2A-mediated dephosphorylation and inactivation of Akt. GSK3-β is activated by the
reduced Akt-mediated inhibitory phosphorylation. Lithium disrupts the arrestin3/Akt/PP2A sig-
naling complex and thus prevents the activation of GSK3-β. Arr3, arrestin3 (βarrestin2); GSK3-β,
glycogen synthase kinase 3-β; PP2A, protein phosphatase-2A

mice, further suggesting a role of D1-like receptors in the activation of this pathway
[150]. Similarly, direct administration of the selective D1-like receptor antagonist
SCH-23390 into the prefrontal cortex of rodents attenuates ERK activation [166].
Anatomical evidence also supports a role for the D1 receptor, but not the D2 receptor,
in psychostimulant-induced activation of ERK1/2 [167]. Thus, considerable evi-
dence suggests that combined stimulation of ERK2 by D1 and NMDA receptors
mediates many psychostimulant-induced behaviors [153].

6.5.2.3 D2-Like Receptor Regulation of MAP Kinases

Various studies report that D2-like receptors activate MAP kinase pathways; how-
ever, the mechanism of activation appears to differ depending on D2-like receptor
subtype and cell type. Such mechanisms include the pertussis toxin-sensitive Gα

i/o proteins, Gβγ proteins, phosphotidylinositol-3 kinase (PI-3 K), MEK, receptor
tyrosine kinase transactivation, and through arrestin binding and arrestin-mediated
endocytosis.

The first evidence of D2L receptor-mediated activation of ERK1/2 was from the
work of Faure et al. [168], who demonstrated a requirement for Gβγ, but not acti-
vated Gαi, in HEK293 cells. Subsequently, Luo et al. [169] showed that the D2L
receptor expressed in C6 glioma cells activates JNK in addition to ERK1/2, and
that the activation of ERK1/2 requires Ras and MEK, two upstream protein kinases
in the ERK1/2 signaling cascade. In Chinese hamster ovary (CHO) cells express-
ing the D2S or D2L receptor, dopamine induces a rapid and transient activation of
ERK1/2 in a pertussis toxin-sensitive and Gβγ-dependent manner [170]. However,
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D2S but not D2L receptor-stimulated ERK1/2 activation requires PKC [170]. In
another study, Kim et al. [171] showed that overexpression of arrestin2 or 3 in CHO
cells increases D2S but not D2L receptor-induced activation of ERK1/2. Additional
evidence of a selective requirement for arrestin-dependent internalization for activa-
tion of ERK1/2 by D2S receptors is that expression of a dominant negative dynamin1
and treatment of cells with pharmacological inhibitors of receptor internalization
decreases D2S but not D2L receptor-induced ERK activation. On the other hand,
D2L receptor-induced ERK1/2 activation is dependent upon PDGFR transactivation
[171], presumably at the cell surface, and work with an arrestin-insensitive mutant
D2L receptor suggests that most D2L receptor-mediated activation of ERK1/2 in
HEK293 cells is mediated by pertussis toxin-sensitive G proteins, and not by arrestin
[172]. Together, these studies point to mechanistic differences in signaling through
D2 receptor splice variants and support the notion that D2L and D2S receptors are
not functionally redundant.

Activation of D2L or D4 receptors in CHO cells results in a transient, dose-
dependent increase in ERK1/2 activation in a Gαi/o-, PI-3 K-, PKC-, MEK-, and
PDGFR-dependent manner [173]. Studies from our laboratory corroborate the
notion that D2L receptors activate ERK through transactivation of receptor tyro-
sine kinases. In HEK293 cells, D2L receptor-stimulated ERK1/2 phosphorylation
is dependent upon the PDGFR, whereas in a neuroblastoma cell line and primary
neuronal cultures D2L receptor-stimulated ERK1/2 phosphorylation is dependent
upon the epidermal growth factor receptor (EGFR) [174]. Beom and colleagues,
on the other hand, report that D3 receptor but not D2L receptor-stimulated ERK1/2
phosphorylation requires EGFR transactivation in several non-neuronal cells [175].

Activation of D2 receptors induces mitogenesis in various cell types in a
PKA/cyclic AMP-independent manner [176]. D2 receptor-mediated activation of
ERK1/2 induces mitogenesis in C6 glioma cells [169] and an increase in the number
of dopaminergic neurons in mid-brain cultures [177].

The aforementioned in vitro studies implicate D2-like receptors in the activa-
tion of the MAP kinase pathways, leading to mitogenesis in non-neuronal cells.
Additionally, one study suggests that D2 receptors activate ERK1/2 in the dopamine-
denervated neostriatum, and that activation of the pathway is required for behavioral
expression of D2 receptor supersensitivity [178]. On the other hand, contrary evi-
dence suggests that D2-like receptors suppress tonic activity of MAP kinases. In
vivo, administration of D2 antagonists such as haloperidol or clozapine increases
ERK phosphorylation in the mouse prefrontal cortex and neostriatum [146, 179]
and in D2 receptor-expressing neostriatal medium spiny neurons [167]. Jiao et al.
[165] demonstrated that D3 receptors inhibit NMDA-induced ERK, JNK, and p38
MAP kinase pathways in the neostriatum. In primary striatal cultures, the D2-like
receptor agonist quinpirole inhibits potassium-stimulated ERK1/2 phosphorylation
[180], and the selective D2-like receptor antagonists haloperidol and risperidone
increase the phosphorylation of ERK in primary hippocampal neurons [181].

D2 receptor-mediated inhibition of ERK1/2 has also been demonstrated in
neuroendocrine pituitary cells. D2S but not D2L receptors inhibited basal and
thyrotropin-releasing hormone-stimulated ERK1/2 phosphorylation in pituitary cell
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lines [180, 182, 183]. On the other hand, Iaccarino et al. obtained results that were
similar with regard to differences between the alternatively spliced receptor iso-
forms, but different with regard to the effect of D2S on ERK1/2; overexpression
of D2S caused activation of ERK1/2 that was associated with inhibition of lac-
totroph proliferation, whereas expression of D2L had little effect on phosphorylation
of ERK1/2 or lactotroph proliferation [184].

6.5.3 Regulation of the Akt/GSK-3β Pathway

6.5.3.1 Akt/GSK-3β Pathway Overview

Protein kinase B (Akt) is a well conserved serine/threonine kinase involved in
the survival of most cells [185]. Classically, Akt is activated by receptor tyro-
sine kinases via phosphatidylinositol-3 kinase (PI-3K), although PI-3K-independent
mechanisms of Akt activation have been described [186]. Akt is activated by phos-
phorylation at two distinct residues, Ser473 and Thr308, and in turn phosphorylates
various downstream targets, leading to the inhibition of apoptosis and the reg-
ulation of gene transcription and cellular metabolism [187]. One such target of
Akt is the glycogen synthase kinase (GSK)-3β, which is constitutively active until
phosphorylated at Ser9 by Akt [186].

In recent years, the Akt/GSK-3β pathway has become a particularly inter-
esting line of investigation concerning dopaminergic signaling in the brain. The
Akt/GSK-3β pathway is regulated by drugs of abuse through enhanced dopamin-
ergic signaling. Cocaine and amphetamine induce a rapid phosphorylation (within
10–20 min) of Akt and GSK-3β, respectively, in the mouse striatum [47, 157]; but
other studies demonstrate that amphetamine induces dephosphorylation of Akt at
later time points (30–60 min) [134, 188, 189]. Similarly, rats treated with metham-
phetamine display an initial increase (15 min) and subsequent decrease (120 min)
in Akt phosphorylation [190]. These data suggest that enhanced dopaminergic sig-
naling in the brain activates or inhibits the Akt/GSK-3β pathway depending on the
duration of stimulation.

The Akt/GSK-3β pathway is also implicated in drug-induced behaviors and psy-
chiatric disorders associated with dopaminergic dysfunction. Partial deletion of
GSK-3β in mice or inhibition of GSK-3β with lithium – a drug commonly used to
treat bipolar and other mood disorders – attenuates amphetamine-induced locomotor
activity [191]. In patients with schizophrenia, total levels of Akt and phosphorylated
levels of GSK-3β are decreased [192]. Interestingly, four studies report an associ-
ation between schizophrenia and akt1 genetic variants [192–195]. Moreover, Akt1
KO mice display impaired sensory/motor gating [192], which is also a characteristic
of patients with schizophrenia [196].

The aforementioned studies strongly suggest that regulation of the Akt/GSK-
3β pathway by dopamine receptors is a behaviorally relevant signaling response.
The results of these studies are corroborated by evidence for the regulation of
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the Akt/GSK-3β pathway through individual dopamine receptor subtypes. This
evidence is discussed below.

6.5.3.2 D1-Like Receptor Regulation of the Akt/GSK-3β Pathway

In primary striatal neurons, the selective D1-like receptor agonist SKF38393
induces Akt phosphorylation at Thr308, but not Ser473, in a PI-3K-independent,
MEK-dependent manner [157]. Moreover, an Akt mutant defective in kinase activ-
ity expressed in these cells blocks agonist-stimulated phosphorylation of CREB.
Together, these data suggest cross-talk between the PKA, MAP kinase, and Akt
signaling pathways through D1-like receptor stimulation. Interestingly, deletion of
the D1 receptor in mice has no effect on basal Akt or GSK-3β phosphorylation
or on Akt phosphorylation in response to apomorphine or amphetamine in the
striatum [188]. Therefore, although D1-like receptors induce Akt phosphorylation
when directly stimulated with a selective agonist in striatal neurons and may be
involved in psychostimulant-induced rapid activation of Akt, these receptors likely
are not involved in the tonic regulation and psychostimulant-induced inhibition of
the Akt/GSK-3β pathway.

6.5.3.3 D2-Like Receptor Regulation of the Akt/GSK-3β Pathway

In primary striatal neurons the selective D2-like receptor agonist quinpirole induces
Akt phosphorylation at Thr308, but not Ser473, in a PI-3K-independent and MEK-
dependent manner [157]. Additionally, a kinase-defective Akt mutant expressed in
these cells blocks D2 receptor-stimulated CREB phosphorylation. Thus, activation
of D1- and D2-like receptors has similar effects on this pathway in neostriatal neu-
rons. In PC12 cells heterologously expressing the D2L receptor, in a nigral cell
line that endogenously expresses D2 receptors, and in nigral dopaminergic neurons,
the D2-like receptor agonist bromocriptine stimulates Akt (Ser473) phosphoryla-
tion through the transactivation of the epidermal growth factor receptor (EGFR)
and c-src and activation of PI-3K. The D2L receptor co-immunoprecipitates with
the EGFR and c-src from PC12-D2L cells, indicating that these proteins form a
complex. The resulting inhibition of GSK-3β protects the cells against oxidative
stress [197–199]. Additionally, a D4-selective agonist increases Akt kinase activity
in D4-MN9D cells [200].

That Akt phosphorylation is observed at distinct residues in primary striatal
neurons and cell lines suggests different mechanisms of action of endogenous
and heterologous expressed dopamine receptors in the regulation of this kinase.
Interestingly and in contrast to bromocriptine and ropinirole, the D2-like recep-
tor agonist pramipexole fails to phosphorylate Akt [197–199]. Thus, certain D2
receptor agonists may confer distinct conformations of the receptor, resulting in
the activation of different downstream signaling pathways.

The above studies demonstrate that D2-like receptors stimulate Akt phospho-
rylation. Other evidence, however, implicates D2-like receptors in Akt dephos-
phorylation/inhibition. As noted above, this discrepancy may be in part due to
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time-dependent effects of D2-like receptor stimulation on the activation state of Akt.
In dopamine transporter (DAT) KO mice, which have increased dopaminergic tone
due to loss of the primary mechanism for inactivation of dopaminergic neurotrans-
mission, decreases in basal Akt (Thr308) and GSK-3β phosphorylation are reversed
by administration of the D2-like receptor antagonist raclopride but not the D1-like
receptor antagonist SCH23390 [191]. Moreover, rodents treated with D2-like recep-
tor antagonists and commonly used antipsychotics, haloperidol, risperidone, and
clozapine, display increases in Akt and GSK-3β phosphorylation [192, 201].

The role of D2-like receptors in regulating the Akt/GSK3β pathway is further
confirmed by deletion studies of individual D2-like receptor subtypes [188]. D2L
and D3 receptor KO mice display an increase in the basal phosphorylation of Akt at
Thr308; however, D2L receptor KO mice also display a decrease in the basal phos-
phorylation of Akt at Ser473. These data imply that D2L and D3 receptors modify
Akt differently. Whereas both D2L and D3 receptor KO mice display an increase in
basal phosphorylation of GSK-3β, this increase is more pronounced in D3 receptor
KO animals, implying that of the D2-like receptor subtypes, the D3 receptor is more
salient in the tonic disinhibition of GSK-3β. To date, Akt/GSK-3β phosphorylation
has not been examined in D4 KO mice, but mice treated with a selective antagonist
to the D4 receptor display no change in basal Akt or GSk-3β phosphorylation, sug-
gesting that the D4 receptor is not involved in the tonic regulation of this pathway
in vivo [188].

Beaulieu and colleagues report that arrestin3 is necessary for the regulation of
the Akt/GSK-3β pathway by D2-like receptors, serving as a scaffold for protein
phosphatase 2A-mediated Akt dephosphorylation [134] (Fig. 6.2). Genetic dele-
tion of arrestin3 in mice results in disinhibition of Akt, phosphorylation-induced
inactivation of GSK-3β, and consequently an attenuated response to amphetamine-
induced locomotor activity [134, 202]. The role of arrestin3 in dopamine-induced
locomotor activity is underscored by the fact that arrestin3-DAT double KO mice do
not display the hyperactive phenotype of DAT KO animals. Interestingly, a recent
report shows that the arrestin3 gene is associated with methamphetamine addic-
tion in Japanese patients [203], suggesting a role for this gene in the etiology of
psychostimulant-induced addiction in distinct populations.

6.6 D1-/D2-Like Receptor Cooperativity

6.6.1 Overview

D1- and D2-like receptors are thought to act cooperatively, or synergistically, to
modulate dopamine-mediated behaviors, including psychiatric and motor disorders,
and behavioral responses to drugs of abuse [204, 205]. Behaviorally, the requirement
for activation of both receptors is reflected in the observation that administration of
either D1 or D2 antagonists can prevent many dopamine-dependent responses [206].
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Depending on the efficacy of the agonist and the endogenous dopamine tone, co-
administration of D1- and D2-like agonists may be required for the full expression
of some responses [207].

As reviewed by Marshall and colleagues [205], a variety of models have been
proposed for D1/D2 receptor synergism. The models that are most relevant for
this chapter involve signal transduction pathways that require co-expression of the
receptors in striatal neurons which is problematic because functionally D1 and D2
receptors are fairly strictly segregated in distinct populations of neostriatal neurons
(e.g., [167]; see also Chapter 11). Although the two receptor subtypes are clearly
antagonistic for some signaling pathways (e.g., Gαs- and Gαi-dependent regulation
of adenylate cyclase), there are other pathways where stimulation of D1 and D2
receptors has cooperative effects. These include cyclic AMP- and Gβγ-dependent
modulation of ion channels [208, 209], hypothesized to involve stimulation of
adenylate cyclase by both Gαs (D1) and Gβγ (D2) subunits [210], inhibition of
Na+,K+-ATPase [211], and activation of PLC by D1/D2 receptor heteromers [103,
111]. In addition, prolonged stimulation of D2 receptors can lead to enhanced D1
receptor stimulation of adenylate cyclase by heterologous sensitization [212], a
phenomenon discussed in more detail below.

Of particular interest is the role of individual D2-like receptor subtypes and splice
variants in dopamine-induced behavior. The co-localization of D1 and D3 recep-
tors in the islands of Calleja in the rat ventral forebrain raises the possibility that
the D3 receptor mediates synergism between D1-like and D2-like receptors [213],
and although there is some evidence to support that hypothesis [213, 214], studies
with dopamine receptor KO mice suggest that genetic deletion of the D3 receptor
has little effect on the function of D1-like receptors [77, 215]. The use of recep-
tor subtype-selective antagonists indicates that it is the D2 receptor that synergizes
with the D1 receptor in the neostriatum [216]. Evidence from D2 and D2L recep-
tor KO mice also suggests that D2 splice variants modulate behaviors differently.
For example, some behaviors induced by amphetamine, the D1/D2 agonist apomor-
phine, or combined administration of D1-like and D2-like agonists, are attenuated
in D2L KO mice [217]. Responsiveness to the selective D1-like agonists, SKF82958
and SKF81297, was also significantly attenuated in D2L receptor KO mice but
not in mice lacking both the splice variants (D2 KO mice) [218], consistent with
the hypothesis that D2L receptors promote D1 receptor function and D2S receptors
inhibit D1 receptor function, but this effect on D1 receptor-mediated behavior was
not observed in the D2L KO mice created by Wang and colleagues [217].

6.6.2 Heterologous Sensitization

Whereas acute activation of Gαi/Gαo-coupled D2 receptors inhibits adenylate
cyclase, prolonged activation leads to enhanced adenylate cyclase activity (i.e.,
heterologous sensitization) [212]. In HEK293 and C6 glioma cells, prolonged
dopamine stimulation (2 h) of Gαi-coupled D2 and D4 receptors but not D3
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receptors leads to sensitization of adenylate cyclase to subsequent activation by
forskolin or Gαs-coupled adrenergic receptors [219]. In vivo, repeated administra-
tion of the D2-like receptor agonist quinpirole selectively increases cyclic AMP
signaling in the nucleus accumbens of rats, as measured by PKA activity and
CREB phosphorylation [220]. Similarly, female hamsters that receive repeated
quinpirole administration display an enhanced D1 receptor-stimulated cyclic AMP
accumulation in the neostriatum [221].

The dimeric Gβγ, once released from the Gαi/Gαo, plays a central role in heterol-
ogous sensitization. Gβγ regulates the activity or subcellular localization of numer-
ous effectors, including adenylate cyclases type II, IV, and VII [222]. Sequestration
of Gβγ attenuates sensitization of adenylate cyclase by Gαi/Gαo-coupled receptors
[212, 223–225].

Long-term (78 h) stimulation of D2 receptors expressed in cultured cells
enhances subsequent basal and forskolin-stimulated adenylate cyclase activity,
which is accompanied by a decreased expression of Gαi and increased expres-
sion levels of Gαs [226–229]. However, sensitization cannot be explained simply
by desensitization of Gαi-coupled receptors or by the downregulation of Gαi, since
other reports have shown that heterologous sensitization occurs in the absence of
these contributing factors and very rapidly [212, 230].

As previously mentioned, enhanced cyclic AMP-dependent signaling is observed
in rodents sensitized to environmental stimuli. For example, repeated psychostim-
ulant and morphine administration enhances D1 receptor cyclic AMP-dependent
signaling in nucleus accumbens and striatal neurons [231, 232]. In female Syrian
hamsters, repeated sexual experience, which leads to a marked increase in extra-
cellular dopamine levels and behavioral sensitization [233], enhances D1 receptor-
stimulated cyclic AMP accumulation in the nucleus accumbens [234]. Notably, the
rewarding consequences of sexual experience require D2-like dopamine receptors
[235].

6.7 Autoreceptors

Distinct pre-synaptic dopamine receptor subtypes, termed autoreceptors, regulate
the tone of dopamine neurotransmission. Autoreceptors are expressed on the cell
body and dendrites of dopaminergic midbrain neurons and modulate the rate of cell
firing and impulse activity [236, 237]. It is well established that autoreceptors are
D2-like receptors, as both agonists (such as quinpirole) and antagonists (such as
sulpiride or eticlopride) that are selective for D2-like receptors act on dopamine
neurons to cause inhibition and block dopamine-induced inhibition, respectively
[238, 239]. Autoreceptors are also located on dopaminergic nerve terminals where
they decrease dopamine synthesis, through inhibition of the rate-limiting enzyme
tyrosine hydroxylase, and dopamine release [240, 241]. D2-like autoreceptors also
decrease dopaminergic activity by enhancing dopamine re-uptake via the dopamine
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transporter [242–244]. Enhanced dopamine transporter activity results at least in
part from increased cell surface expression of the transporter [245].

There has been considerable investigation of which D2-like receptors are capable
of functioning as autoreceptors. D2 and D3 receptors have been commonly impli-
cated in dopamine autoreceptor function. In a mouse mesenchymal cell line (MN9D
cells), that both synthesizes and releases dopamine, heterologously expressed D2
and D3 receptors but not D4 receptors inhibit tyrosine hydroxylase activity [246] and
dopamine release [247]. Notably, D2 receptors inhibit tyrosine hydroxylase activ-
ity for longer periods than D3 receptors, suggesting that D2 receptors have a more
potent autoreceptor function. In cell expression systems, both D2 and D3 receptors
regulate dopamine transporter function [245, 248].

Although both D2 and D3 receptors can function as autoreceptors in model sys-
tems, the question of which subtypes are autoreceptors in vivo has been more con-
troversial. Initially many studies with D3-selective agonists suggested a dominant
role for the D3 receptor [249], but a different picture has resulted from the com-
bined use of pharmacological and genetic tools. Genetic deletion of the D2 receptor
in mice abolishes all dopamine or D2-like agonist-induced inhibition of dopamine
release [250–253], activation of G protein-regulated inwardly rectifying potas-
sium (GIRK) channels [254, 255], inhibition of dopaminergic neuron firing [256],
and enhancement of dopamine transporter function ( [257]; but see also [252] ).
Pharmacological studies with D2-selective and D3-selective antagonists suggest that
the autoreceptor in the guinea pig retina is also the D2 receptor [258]. Mice with
a genetic deletion of the D3 receptor have enhanced basal dopamine levels [259,
260], but agonist-induced inhibition of dopamine synthesis and release, inhibition
of GIRK channels and dopamine neuron firing, and enhancement of dopamine trans-
porter activity are either unaltered or only modestly reduced in these mice [254, 255,
259–261]. These results indicate that the D2 receptor is the predominant D2 autore-
ceptor in the rodent brain, with the D3 receptor possibly contributing to regulation
of dopamine release at low concentrations of dopamine.

Surprisingly, given the similarity between D2L and D2S in heterologous expres-
sion systems, two groups have used mice in which the alternatively spliced exon
6 is deleted to identify differences in the roles that the splice variants play in vivo
[218, 262]. These D2L receptor KO mice are deficient in behavioral and biochemical
measures of postsynaptic D2 receptor activation; that is, responses that are thought
to be mediated by D2 receptors expressed on medium spiny neurons that are post-
synaptic to dopamine terminals in the basal forebrain. It is important to note that
these mice express D2S receptors at approximately the levels at which wild-type
mice express D2S and D2L receptors in all the neurons that normally express either
variant. Even though medium spiny neurons in D2L receptor KO mice express D2S
receptors, and the ability of quinpirole to stimulate binding of [35S]GTPγS is unim-
paired [263], the D2S receptor does not appear to be functioning in the same way
that the D2L receptor functions. Of most relevance for the topic of autoreceptors is
that D2 autoreceptor function is spared in D2L receptor KO mice. Thus, the ability
of D2-like agonists to suppress the firing rate of midbrain neurons, to decrease the
phosphorylation and activation of tyrosine hydroxylase, and, at low doses, to inhibit
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locomotor activity is absent in D2 receptor KO mice but spared in mice that express
only the D2S receptor [218, 262–264]. Although this is often interpreted to mean
that the D2S receptor is the D2 autoreceptor, it is more accurate to interpret these
data as demonstrating that the D2S receptor has the capability to function as the
D2 autoreceptor. Studies with D2S or D2L receptors expressed in cultured mesen-
cephalic neurons suggest that D2L receptors can also mediate autoreceptor activity
[265]. The conclusion that the D2S receptor is the autoreceptor in vivo is supported
by one study with antibodies selective for D2S and D2L receptors reporting that, in
the rhesus monkey brain, tyrosine hydroxylase-immunoreactive neurons in the sub-
stantia nigra express mainly D2S receptors. In contrast, in the striatum D2S receptor
immunoreactivity is associated mainly with axons and D2L receptor immunoreactiv-
ity is in the GABAergic medium spiny neurons [8]. There is also one report that D2S
receptor mRNA is more abundant than D2L receptor mRNA in the murine brainstem
[266].

Several signaling pathways modulated by D2 receptors might be predicted to
mediate autoreceptor activity, including inhibition of adenylate cyclase activity,
inhibition of Ca2+ channels, and activation of K+ channels. Stimulation of D2
autoreceptors activates a potassium conductance as shown in brain slices [239],
acutely isolated neurons [267], and cultured dopamine cells [268]. The properties
of the potassium conductance indicate that the subtype is a GIRK (Kir3) channel,
activated by association with the βγ subunits of the Gαi/o heterotrimeric G protein
[269]. GIRK2 and GIRK3 subunits are abundantly expressed by midbrain dopamine
neurons [254]; experiments using GIRK KO animals indicate that channels contain-
ing GIRK2, but not GIRK3, carry most of the D2 receptor-regulated current [255].
Thus, the primary conductance underlying the D2 receptor inhibition of dopamine
neuron firing results from activation of the G protein dependent inwardly rectify-
ing potassium channel [269]. Activation of potassium channels also contributes to
autoreceptor regulation of dopamine release [270, 271].

Inhibition of Ca2+ channels could also decrease cell firing or directly inhibit the
secretory process. The high threshold P/Q calcium conductance is also regulated
by activation of D2-autoreceptors [272] and regulates the intrinsic firing rate of
dopaminergic neurons [273]. It is not known if the inhibition of calcium conduc-
tance resulting from the activation of D2 autoreceptors is an additional mechanism
that regulates the firing rate of dopamine neurons. Inhibition of calcium current
does, however, decrease dendritic release of dopamine, resulting in a decrease in the
inhibitory postsynaptic current that is regulated by dopamine in the cell body region
[255].

Synthesis-modulating autoreceptors reduce the activity of the rate-limiting
enzyme for dopamine synthesis, the tyrosine hydroxylase. Tyrosine hydroxylase
contains four residues phosphorylated by PKA in its amino-terminal regulatory
domain. Phosphorylation of Ser40, in particular, mediates forskolin-stimulated
activation of tyrosine hydroxylase [274]. D2 autoreceptor inhibition of adenylate
cyclase decreases dopamine synthesis by decreasing PKA-dependent phosphoryla-
tion of Ser40 [263, 275, 276], decreasing the availability of dopamine to fill synaptic
vesicles [277]. Because ERK1/2 activate tyrosine hydroxylase by phosphorylation
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on Ser31 [278, 279], inhibition of ERK1/2 by D2S receptors [180] could in theory
inhibit dopamine synthesis, but the existing data most solidly support the conclusion
that the effect of synthesis-modulating autoreceptors is mediated predominantly by
inhibition of adenylate cyclase activity.

The mechanism by which D2 autoreceptor stimulation enhances dopamine trans-
porter function and localization at the membrane is less clear. ERK1/2 constitutively
increase cell surface localization of the transporter in striatal synaptosomes and in
HEK 293 cells heterologously expressing the transporter [280], and also mediate
recruitment of the transporter to the cell surface by D2S in HEK 293 cells [281].
Although it is tempting to attribute autoreceptor regulation of the dopamine trans-
porter to the ERK1/2 signaling pathway, this conclusion seems premature in view
of the lack of evidence for activation of ERK by D2 receptors in the intact (i.e., non-
denervated) neostriatum. A second mechanism by which D2 autoreceptors can alter
dopamine transporter localization and enhance re-uptake of dopamine is by a direct
interaction between the third cytoplasmic loop of the receptor and the amino termi-
nus of the transporter; this interaction, however, is constitutive and not influenced
by D2 receptor activation [282].

Not all dopamine neurons have D2 autoreceptors and GIRKs [283, 284]. In fact,
accumulating evidence indicates that mid-brain dopaminergic cells are a highly het-
erogeneous population of neurons when the expression of various ion channels and
receptors is taken into consideration. The demonstration that neurons that project to
the medial prefrontal cortex lack both GIRK and autoreceptors sets them apart from
other dopamine neurons in the midbrain and indicates that the regulation of activ-
ity of these neurons specifically is vastly different from other dopamine neurons
[269, 283].

6.8 Summary

Dopamine receptors regulate a variety of signal transduction pathways through
which complex behaviors are expressed. In this chapter, we have focused on sig-
naling pathways for which there is evidence of their contribution to behavior,
including the PKA, PLC, ERK1/2, and Akt/GSK-3β pathways. Not discussed in
this chapter are some signaling responses that are downstream of the adenylate
cyclase-PKA-DARPP-32 pathway, such as regulation of renal Na+–H+ exchange
and Na+,K+-ATPase activity [13, 285], or signaling pathways, such as phospholi-
pases other than PLC, whose contributions to dopamine-dependent behaviors have
not been extensively investigated. In addition, to achieve a comprehensive under-
standing of the mechanisms of dopamine receptor signaling we must also consider
receptor modulation of ion channels (Chapters 7 and 11), and the effects of novel
receptor-interacting proteins (Chapter 9) and receptor oligomerization (Chapter 10)
on function. The past decade has seen great advances on all of these fronts, pro-
ducing a much richer picture of receptor function than was previously available. In
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particular, the genetic deletion of individual dopamine receptors has greatly con-
tributed to our understanding of their specific roles in regulating signaling pathways
and their behavioral correlates (see also Chapter 12 on dopamine receptor KO mice
and Chapter 13 on the contribution of individual receptor subtypes to behavior).
Focusing the role of particular signaling pathways in behavior, our goal was to pro-
duce a chapter that would complement these other behavior-focused chapters to
provide a comprehensive review of our current understanding of how the binding of
dopamine to its receptors alters cellular function and behavior.
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Chapter 7
Dopaminergic Modulation of Glutamatergic
Signaling in Striatal Medium Spiny Neurons

Weixing Shen and D. James Surmeier

Abstract Dopamine (DA) controls a wide variety of striatal functions, including
action selection and associative learning. This is achieved by modulating cortical
and thalamic glutamatergic synapses formed on principal medium spiny neurons
(MSNs) and the way in which these signals are processed. Accumulating evidence
suggests that D1 receptor signaling enhances dendritic excitability and glutamater-
gic signaling in striatonigral MSNs, whereas D2 receptor signaling exerts the
opposite effect in striatopallidal MSNs. The functional antagonism between these
two major striatal DA receptors extends to the regulation of synaptic plasticity.
Using brain slices from DA receptor transgenic mice, recent studies have uncovered
important differences between MSNs that shape long-term alterations in glutamater-
gic signaling with experience. These results are consistent with network models of
striatal function, suggesting that DA acts in a push–pull fashion in action selec-
tion. Work in models of Parkinson’s disease has shown this bidirectionality is lost
following DA depletion, pointing to the mechanisms underlying network dysfunc-
tion in this disease as well as in others with strong DA determinants like drug
abuse.

Keywords Long-term potentiation · Long-term depression · Spike-timing-
dependent plasticity · Basal ganglia · Voltage-dependent channels · Dendrites ·
Parkinson’s disease models

7.1 Introduction

Dopamine (DA) plays a crucial role in regulating cortical and thalamic signals car-
ried by glutamatergic synapses on the principal neurons of the striatum – medium
spiny neurons (MSNs). The regulation of this circuitry by DA is important to a wide
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array of striatal functions, such as associative learning and action selection [1–4].
In spite of its significance, effort to understand how this modulation is exerted has
met with only a modest success. One obstacle is cellular heterogeneity within the
striatum; there are at least two major populations of MSN that differ along sev-
eral dimensions, including their expression of DA receptors [5, 6]. However, these
subpopulations are difficult to unequivocally distinguish on the basis of their soma-
todendritic morphology or electrophysiological properties [7]. Moreover, both cell
types are imbedded in a rich neuronal network involving both MSNs and interneu-
rons that is modulated by DA. This has made it extremely difficult to sort out
what DA is doing directly and what it is doing indirectly through effects on net-
work properties. The recent development of mouse lines in which neurons “report”
their expression of D1 or D2 receptors by co-expressing enhanced green fluorescent
protein (eGFP) has greatly accelerated our pace of discovery. Electrophysiological
interrogation of visually identified MSNs in tissue slices from these mice has
revealed an unexpected array of functional differences between these cell types
[8–13]. Another obstacle is that DA receptors are primarily found in dendrites that
are inaccessible to conventional patch clamp techniques, making direct study of their
actions on glutamatergic signaling and dendritic excitability difficult. Optical tech-
niques, like two-photon laser scanning microscopy (2PLSM), are giving us access
to these regions and providing new insights into their physiology and modulation
by DA.

In this review, we will focus our discussion to (1) DA modulation of postsynap-
tic properties that influence glutamatergic synaptic events and their integration by
MSNs and (2) DA modulation of the induction of plasticity at MSN glutamater-
gic synapses. Only the actions of the principal DA receptors in this region (D1, D2
receptors) will be discussed. Even with this rather narrow focus, it is impossible to
faithfully summarize what has become an enormous literature in the last decade.
The reader is referred to several other recent reviews [14–17]. Moreover, there are
several reviews discussing the impact of glutamate on dopaminergic neurons and
DA release that would not be covered [18, 19].

7.2 The “Classical” View of DA Modulation

The now “classical” model of how DA shapes striatal activity was advanced almost
two decades ago by Albin, Young, and Penny [20]. In this model, D1 receptors
excite MSNs of the “direct” striatonigral pathway whereas D2 receptors inhibit
MSNs of the “indirect” striatopallidal pathway. These were envisioned as acute,
readily reversible effects. The evidence for this model stemmed almost entirely
from indirect measures of neuronal activity (e.g., alterations in gene expression,
glucose utilization, or receptor binding). Subsequent work has proven to be largely
consistent with the general principles of this model, revealing that DA activation
of G protein-coupled receptors (GPCRs) “excites” or “inhibits” MSNs by modu-
lating the gating and trafficking of voltage-dependent and ligand-gated (ionotropic)



7 Dopaminergic Modulation of Glutamatergic Signaling 177

ion channels, essentially altering cellular excitability. However, as discussed below,
there are also longer lasting alterations in synaptic strength induced by DA when
there is a conjunction of pre- and postsynaptic activity. These lasting changes, rather
than the acute effects of DA, are thought to underlie associative learning and action
selection.

7.2.1 Modulation of Intrinsic Excitability and Glutamatergic
Signaling by D1 Receptors

Striatonigral MSNs in the so-called direct pathway express D1 receptors at high
levels [5, 6]. These receptors are positively coupled to adenylyl cyclase (type V)
through Golf [21]. Elevation in cytosolic cAMP levels leads to the activation of
protein kinase A (PKA). PKA has a variety of intracellular targets that affect cellular
excitability and glutamatergic signaling.

Several studies suggest that the D1/PKA cascade has direct effects on AMPA
and NMDA receptor function and trafficking. For example, D1 receptor activa-
tion of PKA enhances surface expression of both AMPA and NMDA receptors
through a process that is dependent on the phosphoprotein DARPP-32 [22, 23]. The
precise mechanisms underlying the trafficking are still being pursued, but the tyro-
sine kinase Fyn and the protein phosphatase STEP (striatal-enriched phosphatase)
appear to be important regulators of surface expression of glutamate receptors [24].
Trafficking and localization might also be affected by a direct interaction between
D1 and NMDA receptors [25, 26].

What is less clear is whether D1 receptor stimulation has rapid effects on glu-
tamate receptor gating. Although PKA phosphorylation of the NR1 subunit is
capable of enhancing NMDA receptor currents [27], the presence of this modula-
tion in MSNs is still in debate. In neurons in which the engagement of dendritic
voltage-dependent ion channels has been minimized by dialyzing the cytoplasm
with Cs+, D1 receptor agonists have little or no discernible effect on AMPA or
NMDA receptor-mediated currents in the dorsal striatum [28]. However, in MSNs
in which this has not been done, D1 receptor stimulation rapidly enhances currents
evoked by NMDA receptor stimulation [29]. The difference between these results
suggests that the effect of D1 receptors on NMDA receptor currents is indirect and
mediated by voltage-dependent dendritic conductances that are taken out of play
by blocking K+ channels and clamping dendritic voltage. Indeed, blocking L-type
Ca2+ channels, which open in the same voltage range as NMDA receptors (Mg2+

unblock), attenuates the D1 receptor-mediated enhancement of NMDA receptor
currents [30].

This type of interaction between voltage-dependent ion channels and ligand-
gated channels appears to be common in neurons. Far from the passive entities
envisioned 20 years ago, neuronal dendrites are richly invested with voltage-
dependent ion channels that shape synaptic responses and plasticity. Although
nearly all the studies of active dendrites to date have been in pyramidal neu-
rons, there is evidence that similar mechanisms govern MSNs dendrites [31–33].
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However, unlike pyramidal neurons, the dendrites of MSN are too small to accom-
modate an electrode, so indirect measures have been used to understand how DA
modulates the ion channels that invest MSN dendrites. More recently, the combina-
tion of imaging (most notably 2PLSM) and patch clamp has been applied to MSN
dendrites in organotypic culture and brain slices [31–33]; this approach offers a
powerful alternative to conventional approaches, particularly when applied to tissue
in which phenotypically homogenous neuronal populations are fluorescently tagged.

Voltage-dependent Na+ channels were the first well-characterized targets of the
D1 receptor-signaling pathway in MSNs. Confirming inferences drawn from earlier
work in tissue slices [34], voltage clamp work showed that D1 receptor signaling led
to a reduction in Na+ channel availability without altering the voltage-dependence of
fast activation or inactivation [35]. Subsequent work has shown that PKA phospho-
rylation of the pore-forming subunit of the Na+ channel promotes activity-dependent
entry into a non-conducting, slow inactivated state that can be reversed only by
membrane hyperpolarization [36]. It is likely that the D1 receptor modulation is
mediated by phosphorylation of somatic Nav1.1 channels, as Nav1.6 channels are
not efficiently phosphorylated by PKA [37]. The coupling of the D1 receptor cas-
cade to dendritic (as opposed to somatic) Nav1.1/Nav1.6 channels remains uncertain
and the subcellular positioning of the scaffolding interactions necessary to bring
about efficient phosphorylation of Na+ channel subunits [37] has not been mapped
in MSNs.

When the somatic membrane potential is held for several hundred milliseconds
near the up-state (∼ –55 mV; Fig. 7.1) [38], D1 receptor stimulation has a quite
different effect than when it is held at nominal down-state potentials (∼ –80 mV).
At this up-state membrane potential, the personality of the MSN is transformed,
as the constellation of ion channels governing activity is re-configured. Perhaps
the most dramatic change is the closure or inactivation of Kir2, Kv1, and Kv4
K+ channels that oppose the depolarizing influences of glutamate receptors. In
this state, D1 receptor stimulation elevates (rather than lowers) the response to
intrasomatic current injection [39]. The augmented response is attributable in part

Fig. 7.1 Up- and down-states
in MSNs. In the absence of
convergent glutamatergic
input, the membrane potential
of MSNs resides close to the
potassium equilibrium
potential (∼–80 mV). This is
called the down-state. In
response to strong
glutamatergic input, MSNs
depolarize to a second
preferred membrane potential
around –55 mV, near spike
threshold. This is called the
up-state. Redrawn, with
permission, from [92]
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to enhanced opening of L-type Ca2+ channels following PKA phosphorylation
[40, 41]. L-type channels with a pore-forming Cav1.3 subunit are likely to be
major targets of this modulation; these channels have a voltage threshold near –
60 mV and are anchored near glutamatergic synapses in spines through a scaffolding
interaction with Shank [42]. Enhanced opening of these channels and NMDA recep-
tors [29, 43–45] accounts for the ability of D1 receptor stimulation to promote
synaptically driven plateau potentials of MSNs (resembling up-states in vivo) in cor-
ticostriatal slices [46], as in cortical pyramidal neurons [47]. D1 receptor stimulation
also reduces opening of Cav2 Ca2+ channels that couple to somatic SK K+ chan-
nels [48], potentially further augmenting dendritic electrogenesis but Cav2 channels
appear not to be important in MSN dendrites [31].

Taken together, these results suggest that D1 receptor signaling through PKA
elevates the responsiveness of striatonigral neurons to sustained synaptic release of
glutamate that generates up-states but reduces the response to transient or uncoordi-
nated glutamate release that fails to significantly depolarize the dendritic membrane
for more than a few tens of milliseconds from the down-state.

7.2.2 Modulation of Intrinsic Excitability and Glutamatergic
Signaling by D2 Receptors

D2 receptors are expressed at high levels in neurons of the striatopallidal or “indi-
rect” pathway. D2 receptors couple to Gi/o proteins, leading to inhibition of adenylyl
cyclase through Gαi subunits [49]. In parallel, released Gβγ subunits are capable
of reducing Cav2 Ca2+ channel opening and of stimulating phospholipase Cβ iso-
forms, generating diacylglycerol (DAG) and protein kinase C (PKC) activation as
well as inositol trisphosphate (IP3) liberation and the mobilization of intracellu-
lar Ca2+ stores [50, 51]. D2 receptors also are capable of transactivating tyrosine
kinases [52].

As with D1 receptor signaling, there are a number of studies showing that
D2 receptor signaling alters glutamate receptor function in dorsal striatal MSNs.
Activation of D2 receptors has been reported to decrease AMPA receptor currents
of MSNs recorded in tissue slices [29]. Subsequent work using acutely isolated
neurons and voltage clamp techniques supports a direct action on dendritic AMPA
receptors [53]. D2 receptor signaling leads to dephosphorylation of S845 of GluR1
subunit, which should promote trafficking of AMPA receptors out of the synaptic
membrane [54]. D2 receptor stimulation also diminishes presynaptic release of glu-
tamate [55]; however, it is not clear whether this is mediated by presynaptically or
postsynaptically positioned D2 receptors [56].

Studies of voltage-dependent channels are largely consistent with the proposi-
tion that D2 receptors act to reduce the excitability of striatopallidal neurons and
their response to glutamatergic synaptic input. D2 receptor-mediated mobilization
of intracellular Ca2+ leads to negative modulation of Cav1.3 Ca2+ channels through
a calcineurin-dependent mechanism [42, 50]. D2 receptor activation also reduces
opening of voltage-dependent Na+ channels, presumably by a PKC-mediated
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enhancement of slow inactivation [35]. This coordinated modulation of ion chan-
nels provides a mechanistic foundation for the ability of D2 receptor agonists to
reduce the responsiveness of MSNs in slices at up-state membrane potentials [50].

7.3 Long-Term Depression of Glutamatergic
Synaptic Transmission

Although it modulates short-term network activity, DA’s role in associative learning
and habit formation is commonly thought to be in the regulation of corticostriatal
synaptic plasticity. The best-studied form of synaptic plasticity in the striatum is
long-term depression (LTD). When postsynaptic depolarization is paired with high-
frequency stimulation (HFS) of glutamatergic fibers, a long-lasting reduction in
synaptic strength of glutamatergic synapses is seen in most MSNs. Unlike LTD
induced by low-frequency stimulation in the ventral striatum [57], LTD induction
in the dorsal striatum is not NMDA dependent. This form of LTD (HFS–LTD) is
initiated postsynaptically, but expressed through a presynaptic reduction in gluta-
mate release. There is a general agreement that striatal LTD requires activation of
Cav1.3 L-type Ca2+ channels, Gq-linked mGluR1/5 receptors, and the generation
of endocannabinoids (ECs). ECs exert their effect presynaptically by acting at CB1
receptors [58–60]. There is less agreement that activation of D2 receptors is nec-
essary for LTD induction. Activation of D2 receptors is a very potent stimulus for
EC production [61] and the ability of D2 receptors to activate PLC [50] certainly
is consistent with a direct involvement in EC production. However, attempts to test
for the necessity of D2 receptor expression using bacterial artificial chromosome
(BAC) mice have met with mixed results [11, 13]. Kreitzer and Malenka (2007)
[11] reported that LTD was inducible only in striatopallidal MSNs using a minimal
local stimulation. However, our group and Lovinger’s found that HFS–LTD was
inducible in both striatonigral and striatopallidal MSNs when using macroelectrode
stimulation of the cortex [13], consistent with the high probability of induction seen
in previous work [62]. We have reproduced the Kreitzer and Malenka finding using
minimal local stimulation, suggesting that the method of induction is important.
This result underscores the difficulties inherent in stimulation paradigms that do not
activate just glutamatergic fibers, but also a heterogeneous population of dopamin-
ergic, cholinergic, and interneuronal fibers that might influence the induction of
plasticity. An example of how we have attempted to sort this out is given below.

One strategy for gaining better control over which fibers are activated in studies
of plasticity is to develop in vitro preparations that preserve connectivity between
nuclei. Consider the glutamatergic synapses formed on MSNs. Most reviews have
focused almost entirely on the cortical innervation of MSNs, leaving the thalamic
input to a virtual footnote. Studies using nominal white matter or cortical stimu-
lation of coronal brain slices typically assume that the glutamatergic fibers being
stimulated are of cortical origin, but very few of these fibers are left uncut in this
preparation [63]. The thalamic innervation of MSNs is similar in magnitude to
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that of the cerebral cortex, perhaps constituting as much as 40% of the total glu-
tamatergic input to MSNs, terminating on both shafts and spines [7]. Anatomical
studies suggest that the intralaminar nuclei target primarily striatonigral neurons
in primate striatum; however, this might not be the case in rodents [64], where
“motor” nuclei (ventroanterial (VA) and ventrolateral (VL) nuclei) project primar-
ily to striatopallidal neurons [65, 66]. This apparent dichotomy between motor
and “associative” inputs is consistent with recent studies suggesting that input
to striatopallidal neurons comes largely from pyramidal neurons contributing to
descending motor control circuits, whereas the input to striatonigral neurons comes
from neurons whose axons are largely intra-telencephalic [67]. Recently, several
studies have shown that parahorizontal slices can preserve both cortical and thala-
mic connectivity, allowing each to be selectively stimulated [68, 69]. However, these
preparations have not been used to date to study the rules governing the induction
of plasticity at these two types of synapse.

7.4 Long-Term Potentiation of Glutamatergic
Synaptic Transmission

Much less is known about the mechanisms controlling induction and expression of
long-term potentiation (LTP) than LTD. Studies in tissue slices have argued that LTP
induced by HFS of corticostriatal glutamatergic inputs (HFS–LTP) depends upon
co-activation of D1 and NMDA receptors [70, 71]. Given the apparent requirement
to dramatically lower extracellular Mg2+ concentration in the slice to induce LTP,
there had been some question about the physiological relevance of LTP in MSNs, but
this issue has been resolved by the demonstration that it is readily inducible in vivo
[72]. The discrepancy presumably stemmed from the difficulty in depolarizing MSN
dendrites enough to overcome Mg2+ block of NMDA receptors with focal stimula-
tion in a brain slice. How HFS–LTP is expressed has not been carefully examined.
As with HFS–LTD, the dependence of a nominally widespread form of synaptic
plasticity upon a receptor with restricted distribution is puzzling.

7.5 A Reconciliation of Models of Striatal Synaptic Plasticity

As is apparent from the presentation thus far, there are several obstacles that have
slowed progress toward a sound understanding of the dopaminergic modulation of
synaptic plasticity in the striatum. Cellular heterogeneity has been the biggest of
these in our view. The development of D1 and D2 receptor BAC transgenic mice
has made this problem tractable. Another issue is the induction protocol. Until very
recently, plasticity studies have not attempted to engage the postsynaptic membrane
and dendrites in a physiological way during the induction of synaptic plasticity (e.g.,
Cs+ loading cells and voltage clamping).
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Why is this important? Most learning theories postulate that changes in synaptic
strength reflect the precise temporal relationship between presynaptic and post-
synaptic activity. Hebb’s classic postulate asserts that excitatory, glutamatergic
synaptic activity that consistently leads to postsynaptic spiking induces a strength-
ening or potentiation of the active synapses. An unstated corollary is that synaptic
activity that follows postsynaptic activity (and hence cannot be causally linked to
spiking) should be weakened or depressed. Dendrites are an integral part of this
learning equation, forming the conduit between the axon initial segment where
spikes are initiated and synaptic sites where plasticity is induced. DA receptors
richly invest dendrites of MSNs [73], putting them in a position to modulate
this linkage. The extended Hebbian postulate has been tested in several types
of neuron by examining how the temporal relationship between presynaptic and
postsynaptic spiking influences lasting changes in synaptic strength [74–76]. Spike-
timing-dependent plasticity (STDP) of this sort depends upon back-propagating
action potentials (bAPs) that serve to depolarize synaptic regions before, during,
or after glutamate release. At most synapses, Hebb’s postulate appears to be correct.
That is, when presynaptic activity precedes postsynaptic spiking, LTP is induced,
whereas reversing the order induces LTD [77–80].

Using perforated patch recordings (to preserve intracellular signaling mecha-
nisms) and minimal local electrical stimulation of glutamatergic afferent fibers in
tissue slices from BAC transgenic mice, we have used STDP protocols to exam-
ine the rules governing the induction of plasticity at striatonigral and striatopallidal
MSN synapses [81]. These studies have revealed a set of rules that are largely
consistent with those inferred from studies using conventional induction proto-
cols (see above), but pushed us beyond our current conceptual model by showing
that DA controls the induction of Hebbian synaptic plasticity in a receptor- and
cell-type-specific manner.

Specifically, D1 receptor signaling in striatonigral MSNs was necessary for the
induction of Hebbian long-term potentiation whereas D2 receptor signaling in stri-
atopallidal MSNs was necessary for the induction of Hebbian long-term depression.
More importantly, our studies demonstrate that DA, in concert with adenosine
and glutamate, makes STDP at MSN glutamatergic synapses bidirectional and
Hebbian [81].

In striatopallidal MSNs (Fig. 7.2a), repeated pairing of a synaptic stimula-
tion with a postsynaptic spike later (positive timing) resulted in LTP of the
synaptic response (Fig. 7.2b). In contrast, preceding synaptic stimulation with a
short burst of postsynaptic spikes (negative timing) induced LTD (Fig. 7.2c). The
timing-dependent LTP relies upon activation of NMDA and A2a receptors, as block-
ing them disrupts the potentiation of synaptic response in striatopallidal MSNs
(Fig. 7.2d). As with conventional LTD, timing-dependent LTD is disrupted by
antagonizing mGluR5, CB1, or D2 receptors (Fig. 7.2d).

The bidirectionality of STDP appeared to be controlled by a balanced interaction
between “opponent” GPCR signaling cascades controlling the induction of LTP and
LTD [79, 82, 83]. D2 and A2a receptor signaling cascades have long been known
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Fig. 7.2 Striatopallidal MSNs displayed bidirectional STDP dependent upon D2 and A2a
receptors. (A) Upper, single cell RT-PCR (scRT-PCR) amplicons from an individual BAC D2
eGFP-labeled neuron confirmed co-expression of enkephalin and D2 receptor mRNA. M, marker;
SP, substance P; ENK, enkephalin. Bottom, two-photon laser scanning microscopic image of eGFP-
labeled MSNs in a slice from a BAC D2 mouse. (B) LTP induced in eGFP-labeled striatopallidal
MSN by a positive timing pairing. Plots show EPSP amplitude and input resistance as a function
of time in a single cell. The dashed line shows the average EPSP amplitude before induction. The
induction was performed at the vertical bar. Filled symbol shows the averages of 12 trials (± SEM).
The averaged EPSP traces before and after induction are showed at the top. (C) LTD induced by
a negative timing pairing. Plots and EPSP traces as in B. (D) Schematic illustration shows that
activation of A2a and NMDA receptors leads to LTP and activation of D2 and mGluR5 receptors
and Cav1.3 channels leads to LTD. Moreover, A2a and D2 receptor activation oppose each other
in inducing plasticity. Glu, glutamate; EC, endocannabinoid. From Shen et al. 2008 [81]
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to oppose one another at several levels [84, 85]. In the STDP paradigm, elevat-
ing D2 receptor stimulation by bath application of quinpirole resulted in a robust
LTD even when postsynaptic activity followed presynaptic activity, a protocol that
would normally induce LTP. In contrast, elevating A2a receptor signaling by bath
application of CGS21680 restored LTP, even when presynaptic activity followed
postsynaptic activity (Fig. 7.2d).

In striatonigral MSNs (Fig. 7.3a), pairing presynaptic activity with a trailing post-
synaptic spike induced robust LTP (Fig. 7.3b). As in striatopallidal MSNs, STDP
LTP was dependent upon NMDA receptors (Fig. 7.3d). However, when presynaptic
activity followed postsynaptic spiking, EPSP amplitude did not change. In light of
the opponent signaling hypothesis, we reasoned that this failure could be due to the
activation of the GPCR responsible for LTP induction. To test this hypothesis, D1
receptors were blocked by SCH23390. In the absence of D1 receptor activity, pair-
ing postsynaptic spiking with a presynaptic volley led to a robust LTD (Fig. 7.3c).
Moreover, the CB1 receptor antagonist AM251 blocked the LTD, establishing a
mechanistic parallel to LTD in striatopallidal MSNs. To determine whether attenu-
ating D1 receptor signaling altered the timing dependence of plasticity, the effects
of the positive timing protocol (presynaptic activity followed by postsynaptic activ-
ity) were re-examined. In control conditions, this protocol induced a robust LTP
(Fig. 7.3b). Blocking D1 receptors not only prevented LTP induction, it led to the
induction of LTD (Fig. 7.3d).

The recognition that DA is not essential for all forms of synaptic plasticity in
MSNs resolves the apparent paradox posed by the segregation of DA receptors
in the two MSN populations. The finding that STDP plasticity at MSN gluta-
matergic synapses is Hebbian is consistent with a recent study [80], but conflicts
with another [86]. The discrepancy could be attributable to the engagement of
GABAergic interneurons in the striatum, confounding modifications in the strength
of glutamatergic synapses [87]. Indirect, modulatory influences of other striatal
interneurons also have been implicated in the induction of plasticity at glutamater-
gic synapses when large regions of the striatum are stimulated [13, 62]. Our reliance
upon focal stimulation near synaptic sites minimized the involvement of these
interneurons and helped to resolve how DA receptors expressed by postsynaptic
MSNs shaped the induction process.

These studies suggest that while DA makes STDP in striatal MSNs bidirectional
and Hebbian, it is not necessary for the induction of synaptic plasticity. This stands
in contrast to previous work asserting that DA is essential for plasticity and that
striatal DA depletion in Parkinson’s disease models eliminates both LTD and LTP
[11, 62]. To test this hypothesis, BAC mice were rendered parkinsonian by unilat-
eral 6-OHDA lesions, sacrificed a week later and slices prepared from their brains.
What we found was consistent with the work in unlesioned brains. That is, in stri-
atopallidal MSNs pairing pre- and postsynaptic activity induced LTP, regardless of
the order of presentation; in contrast, in striatonigral MSNs, pairing pre- and post-
synaptic activity induced LTD, again regardless of order. Thus, synaptic plasticity
is not lost in PD models, but it ceases to be bidirectional and dependent upon the
timing of pre- and postsynaptic activity [81].
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Fig. 7.3 Striatonigral MSNs displayed bidirectional STDP dependent upon D1 receptors. (A)
Upper, scRT-PCR amplicons from an individual eGFP-labeled neuron from a BAC D1 mouse con-
firmed co-expression of substance P and D1 receptor mRNA. M, marker; SP, substance P; ENK,
enkephalin. Bottom, two-photon image of eGFP-labeled MSNs in a slice from a BAC D1 mouse.
(B) LTP induction in labeled striatonigral neuron by a positive timing pairing protocol (+5 ms)
coupled with postsynaptic depolarization to –70 mV. EPSP amplitude and input resistance of the
recorded cell were plotted as a function of time. The dashed line shows the average of EPSP ampli-
tude before induction. The induction was performed at the vertical bar. Filled symbol shows the
averages of 12 trials (± SEM). The averaged EPSP traces before and after induction are shown at
the top. (C) In the presence of SCH23390, a negative timing pairing revealed a robust LTD. Plots
and EPSP traces are from a single cell as in B. (D) Schematic drawing shows that activation of D1
and NMDA receptors evokes LTP and activation of mGluR5 receptor and Cav1.3 channels evokes
LTD. Moreover, D1 and mGluR5 receptor activation oppose each other in inducing plasticity. Glu,
glutamate; EC, endocannabinoid. From Shen et al. 2008 [81]
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In addition to reconciling a discordant literature on the role of DA in the modu-
lation of glutamatergic synaptic plasticity, these studies establish a parallel between
the short-term and long-term effects of DA on MSNs. As reviewed above, the short-
term effects of DA are receptor specific, tending to diminish the excitability of
striatopallidal MSNs through D2 receptors and to increase the excitability of stri-
atonigral MSNs through D1 receptors. Now it is clear that the effects of DA on
synaptic plasticity are also receptor and cell-type specific. That is, by promoting
LTD, D2 receptors diminish the excitatory synaptic input to striatopallidal MSNs,
decreasing their activity; conversely, by promoting LTP, D1 receptors increase the
excitatory synaptic input to striatonigral MSNs, enhancing their activity.

7.6 What Might This Mean for Behavior?

What does this mean in the broader functional context of the basal ganglia? One
of the most popular theories of the striatum is that it is involved in action selection
[3, 88, 89]. When faced with a choice of what to do, the striatum helps us choose
the action that will maximize our chances of reward or pleasure and minimize the
chances of punishment or aversion. This is where DA comes in. Learning the reward
(or punishment) probabilities of particular actions is thought to depend upon DA
release in the striatum, where it changes the synaptic weights of cortical inputs
associated with particular actions. The two parallel pathways in the striatum have
been envisioned to act as a push–pull system with the striatonigral pathway serving
to select an action and the striatopallidal pathway serving to inhibit a competing
action. Computational models of the striatum suggest that this parallel organiza-
tion enhances the ability of the system to resolve small differences in reward prob-
ability [90].

The recognition that DA affects these two pathways differently, particularly inso-
far as synaptic plasticity is concerned, is beautifully consistent with this model. In
principle, reward-associated elevations in striatal DA promote the strengthening of
corticostriatal synapses – that are linked to sensory stimuli that preceded the act and
to the internal representation of the act that led to the reward – just on striatonigral
MSNs while weakening them on striatopallidal MSNs. When an act leads to a neg-
ative consequence, striatal DA levels are thought to fall [91]. Again, in principle,
this should promote the strengthening of corticostriatal synapses on striatopalli-
dal MSNs (leading to suppression of the action) and weakening of synapses on
striatonigral MSNs (leading to a reduced probability of selection of the action).

Because the induction of synaptic plasticity is controlled by opponent processes,
disease states that alter the levels of DA receptor stimulation should distort how
experience shapes these connections of these two pathways. So, for example, in
Parkinson’s disease models the absence of DA should be interpreted by the striatum
as equivalent to a situation in which all acts lead to punishment and, hence, all acts
should be suppressed. Phenomenologically at least, this is what happens. In contrast,
drugs of abuse that dramatically elevate striatal DA should lead to a diminished
ability to inhibit action selection. This could help explain some aspects of drug-
seeking behavior.



7 Dopaminergic Modulation of Glutamatergic Signaling 187

References

1. Balleine BW, Delgado MR, Hikosaka O. The role of the dorsal striatum in reward and
decision-making. J Neurosci 2007;27:8161–5.

2. Graybiel AM, Aosaki T, Flaherty AW, Kimura M. The basal ganglia and adaptive motor
control. Science 1994;265:1826–31.

3. Schultz W. Predictive reward signal of dopamine neurons. J Neurophysiol 1998;80:1–27.
4. Yin HH, Knowlton BJ. The role of the basal ganglia in habit formation. Nat Rev Neurosci

2006;7:464–76.
5. Gerfen CR. The neostriatal mosaic: multiple levels of compartmental organization in the basal

ganglia. Annu Rev Neurosci 1992;15:285–320.
6. Surmeier DJ, Song WJ, Yan Z. Coordinated expression of dopamine receptors in neostriatal

medium spiny neurons. J Neurosci 1996;16:6579–91.
7. Wilson CJ. Basal ganglia. In: Shepherd GM, ed. The Synaptic Organization of the Brain.

Oxford: Oxford UP; 2004:361–414.
8. Ade KK, Janssen MJ, Ortinski PI, Vicini S. Differential tonic GABA conductances in striatal

medium spiny neurons. J Neurosci 2008;28:1185–97.
9. Cepeda C, Andre VM, Yamazaki I, Wu N, Kleiman-Weiner M, Levine MS. Differential elec-

trophysiological properties of dopamine D1 and D2 receptor-containing striatal medium-sized
spiny neurons. Eur J Neurosci 2008;27:671–82.

10. Day M, Wang Z, Ding J, et al. Selective elimination of glutamatergic synapses on striatopall-
idal neurons in Parkinson disease models. Nat Neurosci 2006;9:251–9.

11. Kreitzer AC, Malenka RC. Endocannabinoid-mediated rescue of striatal LTD and motor
deficits in Parkinson’s disease models. Nature 2007;445:643–7.

12. Shen W, Tian X, Day M, et al. Cholinergic modulation of Kir2 channels selectively elevates
dendritic excitability in striatopallidal neurons. Nat Neurosci 2007;10:1458–66.

13. Wang Z, Kai L, Day M, et al. Dopaminergic control of corticostriatal long-term synap-
tic depression in medium spiny neurons is mediated by cholinergic interneurons. Neuron
2006;50:443–52.

14. Nicola SM, Surmeier J, Malenka RC. Dopaminergic modulation of neuronal excitability in
the striatum and nucleus accumbens. Annu Rev Neurosci 2000;23:185–215.

15. Surmeier DJ. Microcircuits in the Striatum: Cell Types, Intrinsic Membrane Properties and
Neuromodulation. In: Grillner S, Graybiel AM, eds. Microcircuits: The Interface between
Neurons and Global Brain Function. Berlin: MIT Press; 2004:105–26.

16. Arbuthnott GW, Wickens J. Space, time and dopamine. Trends Neurosci 2007;30:62–9.
17. Surmeier DJ, Ding J, Day M, Wang Z, Shen W. D1 and D2 dopamine-receptor modula-

tion of striatal glutamatergic signaling in striatal medium spiny neurons. Trends Neurosci
2007;30:228–35.

18. David HN, Ansseau M, Abraini JH. Dopamine-glutamate reciprocal modulation of release
and motor responses in the rat caudate-putamen and nucleus accumbens of "intact" animals.
Brain Res Brain Res Rev 2005;50:336–60.

19. Morari M, Marti M, Sbrenna S, Fuxe K, Bianchi C, Beani L. Reciprocal dopamine-glutamate
modulation of release in the basal ganglia. Neurochem Int 1998;33:383–97.

20. Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia disorders. Trends
Neurosci 1989;12:366–75.

21. Herve D, Rogard M, Levi-Strauss M. Molecular analysis of the multiple Golf alpha subunit
mRNAs in the rat brain. Brain Res Mol Brain Res 1995;32:125–34.

22. Snyder GL, Allen PB, Fienberg AA, et al. Regulation of phosphorylation of the GluR1
AMPA receptor in the neostriatum by dopamine and psychostimulants in vivo. J Neurosci
2000;20:4480–8.

23. Hallett PJ, Spoelgen R, Hyman BT, Standaert DG, Dunah AW. Dopamine D1 activation poten-
tiates striatal NMDA receptors by tyrosine phosphorylation-dependent subunit trafficking.
J Neurosci 2006;26:4690–700.



188 W. Shen and D.J. Surmeier

24. Braithwaite SP, Paul S, Nairn AC, Lombroso PJ. Synaptic plasticity: one STEP at a time.
Trends Neurosci 2006;29:452–8.

25. Lee FJ, Xue S, Pei L, et al. Dual regulation of NMDA receptor functions by direct protein-
protein interactions with the dopamine D1 receptor. Cell 2002;111:219–30.

26. Scott L, Zelenin S, Malmersjo S, et al. Allosteric changes of the NMDA receptor
trap diffusible dopamine 1 receptors in spines. Proc Natl Acad Sci USA 2006;103:
762–7.

27. Blank T, Nijholt I, Teichert U, et al. The phosphoprotein DARPP-32 mediates cAMP-
dependent potentiation of striatal N-methyl-D-aspartate responses. Proc Natl Acad Sci USA
1997;94:14859–64.

28. Nicola SM, Malenka RC. Modulation of synaptic transmission by dopamine and nore-
pinephrine in ventral but not dorsal striatum. J Neurophysiol 1998;79:1768–76.

29. Cepeda C, Buchwald NA, Levine MS. Neuromodulatory actions of dopamine in the neostria-
tum are dependent upon the excitatory amino acid receptor subtypes activated. Proc Natl Acad
Sci USA 1993;90:9576–80.

30. Liu JC, DeFazio RA, Espinosa-Jeffrey A, Cepeda C, de Vellis J, Levine MS. Calcium mod-
ulates dopamine potentiation of N-methyl-D-aspartate responses: electrophysiological and
imaging evidence. J Neurosci Res 2004;76:315–22.

31. Carter AG, Sabatini BL. State-dependent calcium signaling in dendritic spines of striatal
medium spiny neurons. Neuron 2004;44:483–93.

32. Carter AG, Soler-Llavina GJ, Sabatini BL. Timing and location of synaptic inputs deter-
mine modes of subthreshold integration in striatal medium spiny neurons. J Neurosci
2007;27:8967–77.

33. Kerr JN, Plenz D. Action potential timing determines dendritic calcium during striatal up-
states. J Neurosci 2004;24:877–85.

34. Calabresi P, Mercuri N, Stanzione P, Stefani A, Bernardi G. Intracellular studies on the
dopamine-induced firing inhibition of neostriatal neurons in vitro: evidence for D1 receptor
involvement. Neuroscience 1987;20:757–71.

35. Surmeier DJ, Kitai ST. D1 and D2 dopamine receptor modulation of sodium and potassium
currents in rat neostriatal neurons. Prog Brain Res 1993;99:309–24.

36. Carr DB, Day M, Cantrell AR, et al. Transmitter modulation of slow, activity-dependent alter-
ations in sodium channel availability endows neurons with a novel form of cellular plasticity.
Neuron 2003;39:793–806.

37. Scheuer T, Catterall WA. Control of neuronal excitability by phosphorylation and dephospho-
rylation of sodium channels. Biochem Soc Trans 2006;34:1299–302.

38. Wickens JR, Wilson CJ. Regulation of action-potential firing in spiny neurons of the rat
neostriatum in vivo. J Neurophysiol 1998;79:2358–64.

39. Hernandez-Lopez S, Bargas J, Surmeier DJ, Reyes A, Galarraga E. D1 receptor activation
enhances evoked discharge in neostriatal medium spiny neurons by modulating an L-type
Ca2+ conductance. J Neurosci 1997;17:3334–42.

40. Gao T, Yatani A, Dell’Acqua ML, et al. cAMP-dependent regulation of cardiac L-type Ca2+
channels requires membrane targeting of PKA and phosphorylation of channel subunits.
Neuron 1997;19:185–96.

41. Surmeier DJ, Bargas J, Hemmings HC, Jr., Nairn AC, Greengard P. Modulation of calcium
currents by a D1 dopaminergic protein kinase/phosphatase cascade in rat neostriatal neurons.
Neuron 1995;14:385–97.

42. Olson PA, Tkatch T, Hernandez-Lopez S, et al. G-protein-coupled receptor modulation of
striatal CaV1.3 L-type Ca2+ channels is dependent on a Shank-binding domain. J Neurosci
2005;25:1050–62.

43. Levine MS, Altemus KL, Cepeda C, et al. Modulatory actions of dopamine on NMDA
receptor-mediated responses are reduced in D1A-deficient mutant mice. J Neurosci
1996;16:5870–82.



7 Dopaminergic Modulation of Glutamatergic Signaling 189

44. Snyder GL, Fienberg AA, Huganir RL, Greengard P. A dopamine/D1 receptor/protein
kinase A/dopamine- and cAMP-regulated phosphoprotein (Mr 32 kDa)/protein phosphatase-1
pathway regulates dephosphorylation of the NMDA receptor. J Neurosci 1998;18:
10297–303.

45. Flores-Hernandez J, Cepeda C, Hernandez-Echeagaray E, et al. Dopamine enhancement
of NMDA currents in dissociated medium-sized striatal neurons: role of D1 receptors and
DARPP-32. J Neurophysiol 2002;88:3010–20.

46. Vergara R, Rick C, Hernandez-Lopez S, et al. Spontaneous voltage oscillations in striatal
projection neurons in a rat corticostriatal slice. J Physiol 2003;553:169–82.

47. Tseng KY, O‘Donnell P. Dopamine-glutamate interactions controlling prefrontal cortical
pyramidal cell excitability involve multiple signaling mechanisms. J Neurosci 2004;24:
5131–9.

48. Vilchis C, Bargas J, Ayala GX, Galvan E, Galarraga E. Ca2+ channels that activate Ca2+-
dependent K+ currents in neostriatal neurons. Neuroscience 2000;95:745–52.

49. Stoof JC, Kebabian JW. Two dopamine receptors: biochemistry, physiology and pharmacol-
ogy. Life Sci 1984;35:2281–96.

50. Hernandez-Lopez S, Tkatch T, Perez-Garci E, et al. D2 dopamine receptors in striatal medium
spiny neurons reduce L-type Ca2+ currents and excitability via a novel PLC[beta]1-IP3-
calcineurin-signaling cascade. J Neurosci 2000;20:8987–95.

51. Nishi A, Snyder GL, Greengard P. Bidirectional regulation of DARPP-32 phosphorylation by
dopamine. J Neurosci 1997;17:8147–55.

52. Kotecha SA, Oak JN, Jackson MF, et al. A D2 class dopamine receptor transactivates a
receptor tyrosine kinase to inhibit NMDA receptor transmission. Neuron 2002;35:1111–22.

53. Hernandez-Echeagaray E, Starling AJ, Cepeda C, Levine MS. Modulation of AMPA currents
by D2 dopamine receptors in striatal medium-sized spiny neurons: are dendrites necessary?
Eur J Neurosci 2004;19:2455–63.

54. Hakansson K, Galdi S, Hendrick J, Snyder G, Greengard P, Fisone G. Regulation of
phosphorylation of the GluR1 AMPA receptor by dopamine D2 receptors. J Neurochem
2006;96:482–8.

55. Bamford NS, Zhang H, Schmitz Y, et al. Heterosynaptic dopamine neurotransmission selects
sets of corticostriatal terminals. Neuron 2004;42:653–63.

56. Yin HH, Lovinger DM. Frequency-specific and D2 receptor-mediated inhibition of glutamate
release by retrograde endocannabinoid signaling. Proc Natl Acad Sci USA 2006;103:8251–6.

57. Brebner K, Wong TP, Liu L, et al. Nucleus accumbens long-term depression and the
expression of behavioral sensitization. Science 2005;310:1340–3.

58. Centonze D, Picconi B, Gubellini P, Bernardi G, Calabresi P. Dopaminergic control of
synaptic plasticity in the dorsal striatum. Eur J Neurosci 2001;13:1071–7.

59. Kreitzer AC, Malenka RC. Dopamine modulation of state-dependent endocannabinoid release
and long-term depression in the striatum. J Neurosci 2005;25:10537–45.

60. Lovinger DM, Tyler EC, Merritt A. Short- and long-term synaptic depression in rat neostria-
tum. J Neurophysiol 1993;70:1937–49.

61. Giuffrida A, Parsons LH, Kerr TM, Rodriguez de Fonseca F, Navarro M, Piomelli D.
Dopamine activation of endogenous cannabinoid signaling in dorsal striatum. Nat Neurosci
1999;2:358–63.

62. Calabresi P, Picconi B, Tozzi A, Di Filippo M. Dopamine-mediated regulation of corticostri-
atal synaptic plasticity. Trends Neurosci 2007;30:211–9.

63. Kawaguchi Y, Wilson CJ, Emson PC. Intracellular recording of identified neostriatal patch
and matrix spiny cells in a slice preparation preserving cortical inputs. J Neurophysiol
1989;62:1052–68.

64. Bacci JJ, Kachidian P, Kerkerian-Le Goff L, Salin P. Intralaminar thalamic nuclei lesions:
widespread impact on dopamine denervation-mediated cellular defects in the rat basal ganglia.
J Neuropathol Exp Neurol 2004;63:20–31.



190 W. Shen and D.J. Surmeier

65. Smith Y, Raju DV, Pare JF, Sidibe M. The thalamostriatal system: a highly specific network
of the basal ganglia circuitry. Trends Neurosci 2004;27:520–7.

66. Hoshi E, Tremblay L, Feger J, Carras PL, Strick PL. The cerebellum communicates with the
basal ganglia. Nat Neurosci 2005;8:1491–3.

67. Lei W, Jiao Y, Del Mar N, Reiner A. Evidence for differential cortical input to direct pathway
versus indirect pathway striatal projection neurons in rats. J Neurosci 2004;24:8289–99.

68. Ding J, Peterson JD, Surmeier DJ. Corticostriatal and thalamostriatal synapses have distinctive
properties. J Neurosci 2008;28:6483–92.

69. Smeal RM, Gaspar RC, Keefe KA, Wilcox KS. A rat brain slice preparation for characterizing
both thalamostriatal and corticostriatal afferents. J Neurosci Methods 2007;159:224–35.

70. Centonze D, Grande C, Saulle E, et al. Distinct roles of D1 and D5 dopamine receptors in
motor activity and striatal synaptic plasticity. J Neurosci 2003;23:8506–12.

71. Kerr JN, Wickens JR. Dopamine D-1/D-5 receptor activation is required for long-term
potentiation in the rat neostriatum in vitro. J Neurophysiol 2001;85:117–24.

72. Mahon S, Deniau JM, Charpier S. Corticostriatal plasticity: life after the depression. Trends
Neurosci 2004;27:460–7.

73. Hersch SM, Ciliax BJ, Gutekunst CA, et al. Electron microscopic analysis of D1 and D2
dopamine receptor proteins in the dorsal striatum and their synaptic relationships with motor
corticostriatal afferents. J Neurosci 1995;15:5222–37.

74. Dan Y, Poo MM. Spike timing-dependent plasticity of neural circuits. Neuron 2004;44:23–30.
75. Kampa BM, Letzkus JJ, Stuart GJ. Dendritic mechanisms controlling spike-timing-dependent

synaptic plasticity. Trends Neurosci 2007;30:456–63.
76. Sjostrom PJ, Rancz EA, Roth A, Hausser M. Dendritic excitability and synaptic plasticity.

Physiol Rev 2008;88:769–840.
77. Sjostrom PJ, Nelson SB. Spike timing, calcium signals and synaptic plasticity. Curr Opin

Neurobiol 2002;12:305–14.
78. Letzkus JJ, Kampa BM, Stuart GJ. Learning rules for spike timing-dependent plasticity

depend on dendritic synapse location. J Neurosci 2006;26:10420–9.
79. Nevian T, Sakmann B. Spine Ca2+ signaling in spike-timing-dependent plasticity. J Neurosci

2006;26:11001–13.
80. Pawlak V, Kerr JN. Dopamine receptor activation is required for corticostriatal spike-timing-

dependent plasticity. J Neurosci 2008;28:2435–46.
81. Shen W, Flajolet M, Greengard P, Surmeier DJ. Dichotomous dopaminergic control of striatal

synaptic plasticity. Science 2008;321:848–51.
82. Seol GH, Ziburkus J, Huang S, et al. Neuromodulators control the polarity of spike-timing-

dependent synaptic plasticity. Neuron 2007;55:919–29.
83. Tzounopoulos T, Rubio ME, Keen JE, Trussell LO. Coactivation of pre- and postsynap-

tic signaling mechanisms determines cell-specific spike-timing-dependent plasticity. Neuron
2007;54:291–301.

84. Schwarzschild MA, Agnati L, Fuxe K, Chen JF, Morelli M. Targeting adenosine A2a receptors
in Parkinson’s disease. Trends Neurosci 2006;29:647–54.

85. Fuxe K, Marcellino D, Genedani S, Agnati L. Adenosine A2A receptors, dopamine D2
receptors and their interactions in Parkinson’s disease. Mov Disord 2007;22:1990–2017.

86. Fino E, Glowinski J, Venance L. Bidirectional activity-dependent plasticity at corticostriatal
synapses. J Neurosci 2005;25:11279–87.

87. Fino E, Deniau JM, Venance L. Cell-specific spike-timing-dependent plasticity in GABAergic
and cholinergic interneurons in corticostriatal rat brain slices. J Physiol 2008;586:
265–82.

88. Frank MJ, Scheres A, Sherman SJ. Understanding decision-making deficits in neurological
conditions: insights from models of natural action selection. Philos Trans R Soc Lond B Biol
Sci 2007;362:1641–54.

89. Mink JW. The Basal Ganglia and involuntary movements: impaired inhibition of competing
motor patterns. Arch Neurol 2003;60:1365–8.



7 Dopaminergic Modulation of Glutamatergic Signaling 191

90. O‘Reilly RC, Frank MJ. Making working memory work: a computational model of learning
in the prefrontal cortex and basal ganglia. Neural Comput 2006;18:283–328.

91. Mirenowicz J, Schultz W. Preferential activation of midbrain dopamine neurons by appetitive
rather than aversive stimuli. Nature 1996;379:449–51.

92. Wilson CJ, Kawaguchi Y. The origins of two-state spontaneous membrane potential fluctua-
tions of neostriatal spiny neurons. J Neurosci 1996;16:2397–410.



Chapter 8
Regulation of Dopamine Receptor Trafficking
and Responsiveness

Melissa L. Perreault, Vaneeta Verma, Brian F. O’Dowd, and Susan R. George

Abstract The magnitude of cellular responses resulting from dopamine receptor
activation is highly dependent on the balance between exocytic and endocytic traf-
ficking pathways, which together, influence the level of receptor expression at the
cell surface. Over the past decade, it has been revealed that the mechanisms involved
in dopamine receptor transport are extremely complex, involving numerous protein–
protein interactions that assist in targeting the receptors to distinct intracellular
compartments. In addition, the importance of oligomerization in dopamine recep-
tor trafficking is becoming increasingly evident, providing new perspectives on the
mechanisms of receptor transport. This chapter will review the recent advances
that have contributed to the understanding of the molecular mechanisms involved
in dopamine receptor trafficking, their role in cellular responsiveness and discuss
briefly the significance of receptor trafficking in health and disease.

Keywords Receptor sensitivity · Receptor trafficking · Desensitization ·
Internalization · Post-translational modifications · Receptor oligomerization

8.1 Introduction

Activation of dopamine receptors induces a cascade of intracellular signaling
events, involving numerous effector systems, which mediate the pharmacological
and physiological effects of both the receptors’ endogenous ligand and exogenous
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therapeutic agents. Dopamine receptor-mediated signaling is a tightly regulated pro-
cess that is highly dependent on the accessibility of receptors to agonist binding
at the cell surface. This availability of functional surface receptors is governed by
a strict balance of the various intracellular receptor trafficking pathways that, in
association with receptor sensitivity, work in concert to regulate the amplitude of
agonist-mediated cellular responsiveness.

In recent years, the focus to uncover the mechanistic processes involved in
each step of the trafficking pathway has yielded significant progress. In addition
to a number of accessory proteins, molecular chaperones, and receptor motifs
that have been identified in the past decade as contributing to dopamine recep-
tor transport (reviewed [1, 2]), the significant role of receptor complexes in
signal transduction and trafficking has also been revealed, challenging classical
perceptions of receptor stoichiometry and opening up exciting new avenues of
research. While traditional thinking has depicted dopamine receptors, and other G-
protein-coupled receptors (GPCRs), as monomeric species, an increasing amount
of evidence indicates that these receptors are assembled as higher order homo- and
heteromers, complexes whose composition contributes to the regulation of receptor
trafficking.

8.1.1 GPCRs Traffic as Oligomers

Evidence suggests that the oligomerization of GPCRs occurs early in the biosyn-
thetic process, likely within the endoplasmic reticulum (ER) [3–5], and in some
instances, oligomer formation appears to be obligatory to achieve successful export
from the ER to the plasma membrane [6–10]. Once the receptor oligomers are
correctly assembled, they are then transported through the Golgi, where they
receive additional posttranslational modifications, such as glycosylation, for exam-
ple, to achieve mature status, and are then trafficked to the plasma membrane as
functionally active complexes (Fig. 8.1). Upon acute exposure to agonist, these
receptors may undergo an agonist-induced decrease in receptor responsiveness
over time or desensitization. Agonist-induced desensitization begins with phos-
phorylation of the receptor by specific kinases, predominantly G-protein receptor
kinases (GRKs). In addition, receptor phosphorylation promotes its uncoupling
from the G protein and interaction with arrestin proteins, which recruit the receptor
complexes for internalization into endosomal compartments (reviewed [11, 12]).
Receptors are then recycled back to the plasma membrane, retained in intracel-
lular compartments, or targeted for degradation, processes that are central to the
continued maintenance or the resultant termination of the receptor-mediated signal
(Fig. 8.1).

This chapter will review in detail the currently known mechanisms that are
involved in the regulation of dopamine receptor exocytic and endocytic trafficking
and their role in cellular responsiveness. As an abundance of studies have focused on
the D1 and D2 receptors, this review will focus predominantly on these two receptor
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Fig. 8.1 Schematic of a GPCR trafficking as an oligomer. A GPCR oligomer traffics from the
Golgi–ER network to the plasma membrane. Exposure to agonist leads to GPCR phosphoryla-
tion by G-protein-coupled receptor kinases, which promote its uncoupling from the G protein and
its interaction with arrestin proteins, which recruit the receptor complex for internalization into
endosomal compartments. The receptor complex is then recycled back to the plasma membrane
or targeted for degradation. A, agonist; G, G protein; GRK, G-protein-coupled receptor kinase;
P, phosphate; Arr, arrestin

subtypes, both as homomers and as part of the recently identified D1–D2 heteromer
(reviewed [13]).

8.2 Biosynthesis, Export, and Cell-Surface Stabilization

Dopamine receptors are seven transmembrane receptors that regulate neuronal activ-
ity by responding to their endogenous ligand dopamine. The magnitude of the
agonist-induced neuronal response is mitigated by the availability of functional
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receptors at the cell surface which is contributed to, in part, by the processes of
receptor biosynthesis and export trafficking.

8.2.1 Biosynthesis and Cell-Surface Trafficking
of Dopamine Receptors

Similar to all GPCRs, the synthesis and folding of dopamine receptors takes place
in the ER. At the completion of this process, the receptors are subjected to a strin-
gent ER quality control system that functions to ensure only correctly configured
receptors can exit the ER and continue their migration through the endoplasmic
compartments toward the Golgi complex. Vital contributors to the ER quality con-
trol process are the molecular chaperones, a group of ER resident proteins that have
the dual function of assisting in the overall speed and efficiency of glycoprotein
folding, and inhibiting the export of misfolded proteins from the ER.

8.2.1.1 Calnexin

Calnexin is a chaperone protein with lectin-like activity that recognizes and
binds monoglucosylated N-linked oligosaccharides that have been attached to
GPCRs during the translational process. This interaction not only functions to
prevent the formation of aggregates and promote receptor folding but also serves
to anchor the glycoproteins within the ER until their native conformation is
attained or until they are targeted for degradation. An involvement of calnexin
in the biosynthesis of D1 and D2 receptors has recently been reported [14]. The
association of calnexin with the receptors is mediated, at least in part, by glyco-
sylation as the inhibition of glycosylation, through mutation or with the inhibitor
tunicamycin, diminished calnexin interactions with the receptors. However, the
finding that their association was not completely abolished in the absence of
glycosylation is indicative of a direct interaction also with the receptor protein
[14]. It has been postulated that these glycan-dependent and glycan-independent
actions of calnexin on dopamine receptors may mediate, respectively, the chaper-
one versus ER retention functions of the protein. This hypothesis was supported
by the finding that while the inhibition of glycosylation restricted the cell-
surface expression of the D1 receptor, the increase in calnexin binding that was
observed to a trafficking-impaired D1 receptor was insensitive to glycosylation
inhibitors [14].

Although calnexin has been demonstrated to be involved in the biosynthesis of
GPCRs [15, 16], a role for this chaperone in oligomerization has not been identi-
fied. Indeed, it has been shown that calnexin may not even associate with D1 and D2
receptor oligomeric complexes, but only bind to monomeric species [14]. However,
while these findings may appear to exclude a role for calnexin in oligomer assem-
bly, it has been suggested that the ability of calnexin to retain individual receptor
monomers may function to facilitate the formation of oligomeric complexes [14].
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While the mechanisms underlying this hypothesis require further investigation, one
possibility is that calnexin may simply restrain each subunit in a spatial orientation
that makes the monomer more readily accessible for receptor–receptor interactions.
Evidence for self-oligomerization of calnexin [17] suggests a mechanism by which
this chaperone may facilitate these interactions by assisting monomers into close
proximity so as to promote oligomer assembly.

8.2.1.2 The Triple Phenylalanine Export Motif and DRiP78

Export from the ER has been shown to be a critical rate-limiting step in the traf-
ficking of GPCRs to the cell surface [18]. For many GPCRs the selection for ER
export appears to be dependent on the proximal portion of their carboxyl terminus
[19–23] and through the use of site-directed mutagenesis, several motifs within the
carboxyl terminus have been identified that may serve as ER export signals [19, 24–
26]. One such motif has been reported for the D1 receptor [24]. It was established
that the highly conserved triple phenylalanine motif, FxxxFxxxF, was integral for
the cell-surface expression of the D1 receptor as substitution mutations within the
motif resulted in ER retention and loss of ligand binding. Moreover, fusion of the
motif to an intracellularly trapped receptor protein restored its ER export properties
and conferred normal protein transport to the cell surface. Evidence suggests that
the motif may promote vesicular transport from the ER or downstream from the
ER, by interacting with the vesicular coat protein complex COPI [27], a complex
that has been implicated in transport pathways throughout the ER-Golgi network
(reviewed [28]) including exit from the ER [29]. Precipitation assays revealed that
the D1 receptor could associate specifically with the γ-subunit of COPI. Although
such an interaction between carboxyl terminal motifs and coat protein complexes
has not yet been reported for other GPCRs, it has been exhibited for a number of
non-GPCR proteins [30–32].

The export capabilities of the FxxxFxxxF motif can be regulated by the molec-
ular chaperone dopamine receptor interacting protein 78 (DRiP78), a membrane-
associated ER resident protein [24]. Transport of the D1 receptor appeared to be
highly sensitive to the intracellular levels of DRiP78 as overexpression of the pro-
tein led to ER retention. It has been suggested that DRiP78 may function to mask
the ER export signal thereby preventing the interaction of the motif with another
complex associated with vesicular transport, such as the coatomer complexes, for
example. However, given that DRiP78 sequestration similarly resulted in reduced
D1 receptor cell-surface expression, these results suggested that discrete levels of
the protein may be required for sufficient export trafficking of the D1 receptor from
the ER [24]. It is possible that, in addition to its role in ER retention through motif
binding, DRiP78 may function to assist in protein folding and/or oligomer assem-
bly. Such a role has been recently demonstrated for DRiP78 in the assembly of
G-protein βγ heterodimers [33]. If such was the case for D1 receptors, insufficient
levels of DRiP78 could result in misfolded or unformed oligomer complexes leading
to ER retention and reduced cell-surface expression.
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8.2.1.3 Role of Glycosylation in Receptor Cell-Surface Targeting

Studies have shown that glycosylation is requisite for the optimal expression of
certain dopamine receptor subtypes at the plasma membrane. It has been previ-
ously reported that the loss of N-linked glycosylation by the inhibitor tunicamycin,
or the mutation of a single N-linked glycosylation site (Asp4), did not attenuate
the cell-surface expression of the D1 receptor [34]. Yet it has been more recently
reported that tunicamycin, under similar treatment conditions, inhibited the cell-
surface expression of the D1 receptor by approximately 27% [14]. Furthermore, this
study demonstrated that a D1 receptor mutant missing both N-linked glycosylation
sites (Asp4 and Asp174) exhibited diminished D1 receptor cell-surface expression
that was comparable to that observed with tunicamycin [14]. The findings from
the receptor mutants indicate that mutation of both glycosylation sites, and hence a
complete loss of glycosylation, may be required to attenuate D1 receptor trafficking.
However, given that the sole mutation of the Asp174 residue was not performed, an
important role for this individual site in the cell-surface transport of the D1 receptor
cannot be excluded.

Unlike the D1 receptor, the inhibitor tunicamycin has been shown to completely
abolish the cell-surface localization of the D5 receptor in cells [34]. Mutation of
the three individual N-linked glycosylation sites revealed that it was the Asp7

residue that was critical for the cell-surface transport of this receptor as its muta-
tion resulted in an almost complete abolishment of plasma membrane D5 receptor
expression [34].

The elimination of N-linked glycosylation by mutation or tunicamycin resulted
in a reduction of both total cellular or plasma membrane expression of D2 recep-
tors [14, 35]. Additionally, post-ER glycosylation has also been implicated in the
discrete trafficking of the D2 receptor isoforms, D2short (D2S) and D2Long (D2L).
Using pulse-chase procedures it was demonstrated that, under certain conditions,
D2S was rapidly processed from a newly synthesized protein to a partially, and then
fully glycosylated mature state. In contrast, a significant amount (approximately
20%) of the D2L isoform was only partially glycosylated and remained intracel-
lularly sequestered [36]. In concordance with these findings, it has recently been
demonstrated that, in the absence of agonist, D2S was predominantly localized to
the plasma membrane, whereas the D2L isoform was found both at the cell surface
and intracellularly [37]. Similarly, it has been demonstrated that D2L was retained
further upstream and more strongly than D2S in early compartments of the secre-
tory pathway [35]. The D2S and D2L isoforms differ from one another by a 29
amino acid insertion found in the third intracellular loop of D2L. Therefore, it is
plausible that the differential trafficking rates and targeting of these receptor iso-
forms are associated with this sequence of amino acids. Specifically, it is possible
that this sequence, in full or in part, may function as a retainment motif, whereby
interactions of the motif with an as yet unidentified accessory protein may serve to
retain the D2L isoform intracellularly. Given that D2S and D2L, respectively, function
pre- and postsynaptically [38], and work together to mediate dopamine transmis-
sion, understanding the mechanisms underlying the differential trafficking of these
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two isoforms may have significant implications in understanding the physiological
regulation of dopamine transmission in the brain.

8.2.2 Stabilization of Dopamine Receptors at the Cell Surface

It has been demonstrated that GPCRs are not static within the plasma membrane
but can move in the plane of the membrane by the passive process of lateral diffu-
sion [39–41]. One of the key factors that govern the dynamics of lateral diffusion
of GPCRs is their association with other cellular proteins. The formation of these
protein complexes can serve to restrict the movements of the GPCRs, effectively
stabilizing the receptors in specific microdomains within the membrane, such as the
synapse for example. Numerous protein–protein associations of this type have been
reported between dopamine receptors and a variety of cellular proteins, examples of
which are discussed below.

8.2.2.1 The NMDA-D1 Receptor Trap

Movement by lateral diffusion has been reported for several GPCRs, including vaso-
pressin V2 [39], serotonin 1A [40], and dopamine D1 receptors [41]. In cultured
neurons, approximately 65% of D1 receptors are mobile with the remaining recep-
tors anchored within the membrane [41]. This ratio of mobile to anchored receptors
is not fixed, but fluctuating, and has recently been shown to be influenced by other
receptors within the plasma membrane. One such receptor is the NMDA recep-
tor whose activation has been reported to recruit D1 receptors to the cell surface
from intracellular compartments [42] and, furthermore, restrict the lateral move-
ments of D1 receptors within the membrane [41]. The modulation of D1 receptor
flow dynamics by NMDA activation at the cell surface stems in part from the ability
of the two receptors to physically interact. Particular regions of the D1 receptor car-
boxyl tail have been shown to bind to the NR-1 and NR-2 subunits of the NMDA
receptor [43]. It is the interface with the NR-1 subunit, however, that has been iden-
tified as the critical region for both NMDA-mediated cell-surface trafficking and
trapping of D1 receptors [41]. With regard to the functional mechanisms underly-
ing D1 receptor trapping, the influx of calcium that results from NMDA receptor
activation does not appear to be involved. Rather it appears to be the result of an
allosteric transformation, induced through occupation of the NMDA binding site,
which facilitates the interaction between the D1 receptor and the NR-1 subunit [41].
It has been established that NMDA receptors are stabilized at the membrane via
anchorage to the postsynaptic density. Thus, the formation of NMDA–D1 receptor
complexes functions in localizing and stabilizing the D1 receptor at the synapse.
Presumably, increased synaptic localization would make these receptors more sus-
ceptible to activation, culminating in enhanced signal transduction and neuronal
responsiveness.
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8.2.2.2 Role of Scaffolding Proteins in Dopamine Receptor
Cell-Surface Stability

Perhaps one of the most well-known functions of scaffolding proteins is to main-
tain the structural integrity of the cell membrane. However, it is becoming more
evident that scaffolding proteins may also serve additional important functions,
one of which involves the stabilization of GPCRs at the plasma membrane. With
regard to dopamine receptors, several scaffolding proteins have been identified
that serve in this capacity. Two examples are protein 4.1 N and filamin A (actin-
binding protein 280), both of which have been shown to influence the expression
of D2 and D3 receptors through interactions at their third intracellular loops
[44–47].

The association of a truncated mutant of protein 4.1 N with D2 and D3 receptors
significantly reduced the expression of either receptor in cells, results that implicate
a positive role for protein 4.1 N in the cell-surface stabilization of these recep-
tors [44]. Similarly, the actin-binding protein filamin A positively contributed to
D2 receptor plasma membrane expression [46, 47], and moreover, has been shown
to play a role in enhanced D2 receptor-mediated signaling [45]. It is possible that
the functional mechanism underlying this increase in signaling stems from filamin
A-assisted formation of D2 receptor clusters at specific locales on the cell surface.
Such clusters may function to increase the efficiency of receptor–effector coupling
by aggregating components of the signaling pathway. Filamin A also has been
reported to contribute to efficient signaling and sequestration of the D3 receptor
[48], although to date, a role for this protein in D3 receptor cluster formation has not
been reported.

In addition to increasing receptor stability, scaffolding proteins can also destabi-
lize receptors at the plasma membrane. The cytoskeletal subunit neurofilament-M
(NF-M), for example, has been shown to negatively affect the cell-surface expres-
sion of the D1 receptor [49]. Specifically, coexpression of NF-M with the D1
receptor in cells resulted in a significant reduction in D1 receptor cell-surface num-
ber and ligand-mediated cyclic AMP (cAMP) accumulation. Interestingly, receptors
that remained at the cell surface exhibited a resistance to agonist-induced desensiti-
zation. Although the mechanism underlying this insensitivity was not identified, it
was postulated that formation of the NF-M/D1 complex might preclude associations
of the D1 receptor with kinases and/or arrestin, two events that are fundamental in
the initiation of receptor trafficking into the cell.

8.3 Desensitization

8.3.1 D1-Like Receptors

Desensitization of D1-like receptors (D1,D5) has been extensively studied over the
past several years and indicates that dopamine-induced attenuation of signaling by
these receptors occurs within minutes of exposure [50–56]. As with the majority of
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GPCRs, the predominant form of D1 receptor desensitization has been identified as
being mediated through GRKs. Truncated mutant constructs of the rat D1 receptor
have shown that multiple residues located downstream of Gly379 in the distal car-
boxyl terminus regulated dopamine-mediated phosphorylation and desensitization
of the D1 receptor, which was suggested to reflect the removal of potential GRK2
and/or GRK3 phosphorylation sites [50]. Carboxyl terminal sequences located
upstream of Gly379 (between Cys351 and Gly379) were shown to be important for
phosphorylation but not for desensitization [50]. Site-directed mutagenesis studies
of the human D1 receptor, on the other hand, have provided evidence to suggest
that GRK2 acts as a critical regulator of rapid agonist-induced receptor desensi-
tization through phosphorylation of a single motif containing the residues Thr360

and Glu359 in the proximal segment of the carboxyl terminus [51]. Both of these
studies have used differential methodology which may play a role in the discrepant
results observed. Site-directed mutagenesis studies may be a more reliable method
for identifying the importance of specific residues since there is little change in the
intact structure of the receptor. Carboxyl terminal truncations, however, can alter
the structure of the receptor which permits access to previously sterically hindered
receptor domains, such as the third intracellular loop.

The third cytoplasmic loop has also been implicated in desensitization of the D1
receptor. It was previously demonstrated that the mutation of specific residues in
the third intracellular loop did not affect desensitization of the D1 receptor [51].
However, a subsequent report has demonstrated that these same residues were
involved in D1 receptor phosphorylation and desensitization [57]. A possible rea-
son for this discrepancy may be the use of differential cell lines, where one study
used CHO cells and the other HEK 293 cells. It has been shown that the rate of
agonist-induced desensitization of the D1 receptor in CHO cells occurs more slowly
than in other cell types [58]. Thus, it has been postulated that D1 receptor phospho-
rylation may be GRK isoform dependent and these isoforms may be lacking in the
CHO cell line [57].

Given the evidence demonstrating the importance of the carboxyl terminus and
third intracellular loop, it has been proposed that D1 receptor phosphorylation takes
place in both the carboxyl terminus and the third intracellular loop in a sequen-
tial manner, where primary phosphorylation of the carboxyl terminus is permissive
for secondary third intracellular loop phosphorylation, which then allows for the
desensitization response [57].

In contrast to GRK2 phosphorylation, which requires receptor activation, GRK4
has been shown to regulate the constitutive phosphorylation and desensitization
of the D1 receptor [59] suggesting that specific GRK isoforms may serve discrete
functions in the regulation of dopamine receptor activity.

Other kinases, such as protein kinase A (PKA), may also play a role in homolo-
gous or agonist-specific forms of GPCR desensitization (reviewed [11]). Although
it has been demonstrated that the mutation of a potential D1 receptor PKA phospho-
rylation site reduced the rate of agonist-induced desensitization [60], and moreover,
that D1 receptor desensitization was blunted in cells deficient in PKA [58], it
has also been shown that the inhibition of PKA, either by substitution mutations
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[51, 52] or pharmacologically [52], appeared to have no effect on D1 receptor-
mediated increases in cAMP.

The D5 receptor exhibits very high sequence homology with the D1 receptor;
however, there are major differences in the intracellular loops and carboxyl termini.
Unlike the D1 receptor, the D5 receptor exhibits higher levels of constitutive activity
[61–63], a characteristic that has been shown to be regulated by the third cytoplas-
mic loop [64], as well as sequence-specific motifs within the carboxyl terminus
[61, 62]. Similarly, the D5 receptor also exhibits higher affinity for agonists, such
as dopamine, than the D1 receptor (reviewed [65]). A series of truncation/deletion
mutants of the D5 receptor identified the region encoded by amino acids 438–448
and particularly Gln439 as necessary and sufficient for full expression of higher
agonist affinities and constitutive activity relative to the D1 receptor. The last 40
amino acids of the D5 receptor, on the other hand, were shown unnecessary for the
observed distinguishing pharmacological and functional characteristics [61]. Given
that the carboxyl terminus has been implicated in a variety of GPCR regulatory
events (reviewed [66]) elucidation of further motifs or residues within the carboxyl
terminus of the D5 receptor is needed to help delineate the specific mechanisms
underlying D5 receptor trafficking.

8.3.2 D2-Like Receptors

Early studies examining the functional desensitization of D2-like receptors (D2, D3,
D4) have generated variable results but, in general, indicate that they desensitize
much more slowly than D1-like receptors and require prolonged agonist treatment
[53, 67]. Similar to the D1 receptor, the mechanisms underlying D2-like recep-
tor desensitization appear to involve GRKs, although their role in D3 receptor
desensitization as yet remains uncertain. Only by overexpression of GRK2, GRK5
[68], or GRK3 [69] was there increased phosphorylation of the human D2 recep-
tor and receptor internalization, indicating the sensitivity of the D2 receptor as a
substrate for GRK phosphorylation is lower than the D1 receptor. These kinases,
however, did not appear to influence phosphorylation and desensitization of the D3
receptor [48, 69]. Indeed, only when D3 chimeras were generated containing the
second and third cytoplasmic loops of the D2 receptor, was GRK-mediated phos-
phorylation evident, possibly revealing the importance of these receptor domains
in GRK functioning [69]. It has also been reported, however, that GRK2 and
GRK3 levels may regulate the stability of the D3 receptor interaction with filamin
A [70], a scaffolding protein that has been shown to be involved in the stability
of D3 receptor expression at the plasma membrane [48]. In addition, gene dele-
tion of GRK6 was shown to lead to enhanced coupling of D2-like receptors to
their respective G proteins in vivo, an effect that was associated with increased
susceptibility to the locomotor-activating effects of psychostimulants [71], and sug-
gests that GRK6 plays a role in regulating the responsiveness of the D2 and/or D3
receptors.
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The second messenger kinase, protein kinase C (PKC), has also been sug-
gested to regulate the D2 and D3 receptors in a heterologous manner since PKC
activation was shown to attenuate the ability of both these receptors to inhibit
cAMP accumulation [48, 72]. PKC phosphorylation of the D2 receptor was demon-
strated to take place on two internal domains within the third intracellular loop,
but only one residue, Ser355, was shown to be involved in the PKC-induced
desensitization response [72]. Site-directed mutagenesis of all the possible phos-
phorylation sites within the intracellular loops of the D3 receptor identified Ser229

and Ser257 as the critical amino acids responsible for PKC-induced phosphory-
lation, desensitization, and internalization [48]. Additionally, PKC activation was
shown to induce specific effects on each D2 receptor isoform (D2L and D2S) with
regard to receptor-stimulated calcium mobilization [73]. It has been reported that
although PKC is able to effectively desensitize D2S-induced increases in intra-
cellular calcium, the D2L isoform is insensitive to PKC-induced desensitization
of calcium signaling due to the presence of a pseudosubstrate domain. A pseu-
dosubstrate domain is a site that resembles a substrate domain except that the
serine phosphorylation site is replaced by alanine or other residues and therefore
may permit association with the kinase without resulting in functional phospho-
rylation [73]. This difference in substrate sensitivity of D2S and D2L appeared to
be the result of intramolecular competition between different substrate domains
on the D2L receptor for PKC recognition and a pseudosubstrate domain, which
is not found in the D2S receptor. Given the importance of the D2 receptor
in numerous physiological processes, the presence of pseudosubstrate domains
may potentially have significant implications for the regulation of the receptor
by PKC.

8.3.3 The D1–D2 Heteromer

Although D1 and D2 receptors are biochemically and functionally distinct, some
physiological functions require the coactivation of both receptors [74, 75]. At a
mechanistic level this has been difficult to reconcile since coactivation of the D1 and
D2 receptors can result in both opposing and synergistic physiological responses.
The recent discovery, however, of a common functional output generated by the
concurrent activation of D1 and D2 receptors within the same cells resulting in
activation of a novel Gq/11-linked phospholipase C-dependent calcium signal [76]
has provided a possible biochemical mechanism by which the D1 and D2 receptors
work in concert to mediate these molecular and behavioral functions. Additionally,
in cultured cells coexpressing both receptors, the existence of D1–D2 heteromers
was established by fluorescence resonance energy transfer [77], cotrafficking stud-
ies [77], and visualization of D1–D2 heteromers in live cells [78]. Accordingly, a
heteromeric D1–D2 signaling complex that could rapidly activate the Gq/11 protein
and result in intracellular calcium release was demonstrated to exist in the adult
rodent striatum [76, 77, 79].
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Although little is known regarding the regulation of D1–D2 heteromer respon-
siveness, it has been shown that desensitization of the agonist-induced calcium
signal occurs within minutes of agonist exposure and is initiated by agonist
occupancy of either receptor subtype, even though the signal is generated only
by occupancy of both receptors [80]. Additionally, the attenuation of receptor
internalization did not result in a concomitant decrease in the extent of signal desen-
sitization, suggesting desensitization of the signal occurred prior to recruitment of
the complex into vesicles by endocytic machinery. Although GRK5 or GRK6 or any
of the second messenger kinases did not play a role in the desensitization, GRK2
and GRK3 appeared to have a role in the extent of desensitization. Inhibition of
GRK-mediated phosphorylation, however, did not inhibit this desensitization [80],
suggesting that, in addition to phosphorylating receptors, GRKs may also medi-
ate signal desensitization by phosphorylation-independent mechanisms. It has been
suggested that GRK2 and GRK3 may sequester Gq/11 proteins, which interact with
the RGS domain on these GRKs [81]. Thus, this may provide a mechanism by which
GRK2 and GRK3 contribute to desensitization of the calcium signal mediated by
the D1–D2 receptor heteromer [80]. It is of note, however, that heteromeric D1 and
D2 receptors exhibit conformations that permitted cross-phosphorylation of the D2
receptor by D1 receptor activation [77], a finding that implicates a discrete mecha-
nism by which the D1 receptor within the D1–D2 complex may regulate heteromer
functioning.

8.4 Internalization

8.4.1 D1-Like Receptors

The acute administration of dopamine agonists has been demonstrated to induce
robust internalization of the D1 receptor in both cultured cells and neurons [82, 83],
as well as in vivo [84]. While in the absence of agonist the D1 receptor remained
predominantly on the cell surface, the addition of dopamine induced rapid inter-
nalization of approximately 70% of the receptors, with a half-life of less than 5 min
[56, 85]. Although endocytosis of the D1 receptor has been consistently documented
in both heterologous expression systems and neuronal cultures, the underlying
mechanisms have shown to be more variable. While earlier studies have identified
a role for PKA-mediated internalization in cells endogenously expressing the D1
receptor [86], mutagenesis of the PKA sites of the human D1 receptor [51], the
rat D1 receptor [60], and the non-human primate D1 receptor [52] did not affect
agonist-induced internalization.

Consistent with the role of GRKs in D1 receptor desensitization, this group of
kinases appears to play an essential role in D1 receptor internalization, although
the residues identified as being important for desensitization are not the same as for
internalization. Receptor mutagenesis has revealed that specific residues in the distal
portion of the carboxyl terminus (Thr446, Thr439, and Ser431) are involved in GRK2-
mediated internalization of the human D1 receptor [51]. However, rat D1 receptor
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mutants with carboxyl terminal truncations implied that sequences located between
Cys351 and Gly379 are pivotal to receptor internalization [50]. Although there appear
to be discrepancies regarding the relative importances of specific residues in D1
receptor internalization, the carboxyl terminus seems to be essential in this stage of
the endocytic trafficking pathway. It has also been postulated, however, that GRK-
mediated D1 receptor phosphorylation on the third intracellular loop may be of
relevance in promoting receptor interactions with arrestins [57], adaptor proteins
that have been shown to be essential for the internalization of a number of GPCRs
including the D1 receptor (reviewed [87]). Specifically, it has been suggested that
the phosphorylation of residues within the carboxyl terminus and third intracellu-
lar loop dissociates the two domains, allowing for arrestin to bind to the activated
third loop [57]. Activation of the D1 receptor leads to translocation of both arrestin2
and arrestin3 to the cell membrane, with arrestin3 being the more predominant
translocated subtype. Following arrestin membrane localization, the D1 receptor is
internalized and arrestin subsequently dissociates from the receptor at or near the
membrane [57, 88, 89]. Similarly, colocalization between endogenous D1 receptors
and arrestins in rat neostriatal neuronal cultures demonstrated that the D1 receptor
preferentially interacts with arrestin3 [90].

In addition to arrestins, studies assessing the internalization pathway of D1 recep-
tor membrane trafficking have demonstrated the involvement of numerous other
proteins, including the scaffolding proteins PSD-95, clathrin, and caveolin-1, and
the GTPase dynamin [85, 91, 92]. In cultured cells, the coexpression of PSD-95 with
the D1 receptor resulted in a robust internalization of the receptor in the absence of
agonist. Additionally, the abolishment of PSD-95 in mice accentuated D1 receptor-
mediated behavioral responses, suggesting that PSD-95 may also serve an inhibitory
role in the regulation of D1 receptor signaling in vivo [92]. Evidence suggests that
facilitation of D1 receptor internalization by PSD-95 is mediated through interac-
tions with the carboxyl terminus of the D1 receptor and furthermore is dependent
on the presence of dynamin [92]. As dynamin has been previously shown to be
involved in dopamine-induced clathrin-mediated endocytosis of the D1 receptor
[56, 85], these findings implicate the clathrin-mediated endocytic pathway in the
internalization of the D1 receptor.

In addition to clathrin-mediated internalization, it has been shown in cultured
cells that the D1 receptor can be localized to low-density caveolin-enriched mem-
brane domains and can associate with caveolin-1 in rat brain through a specific
binding motif found in transmembrane domain 7 [91]. Agonist stimulation of
the D1 receptor caused its translocation into caveolin-1-enriched membrane frac-
tions, which was determined to be the result of D1 receptor endocytosis through
caveolae. However, unlike the relatively rapid clathrin-dependent mechanism of
internalization in which approximately 70% of activated receptors were internal-
ized within 5 min [85], caveolin-dependent D1 receptor endocytosis appeared to
be kinetically slower, reaching approximately 55% internalization within 45 min of
agonist stimulation [91]. These findings suggest that both clathrin- and caveolin-
mediated processes may play functionally distinct roles in regulating D1 receptor
responsiveness in vivo. It would be of clinical relevance to determine whether
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the relative contribution of each of these pathways differs in specific regions of
the brain.

8.4.2 D2-Like Receptors

The endocytosis of the D2 receptor is a highly complex process that has been shown
to be both isoform and cell specific, as well as to exhibit both dynamin-dependent
and independent mechanisms [1, 57, 69, 85, 93].

Internalization of the D2 receptor requires increased levels of GRKs in heterol-
ogous cells and appears to be a relatively slow process taking approximately 2 h to
plateau [68, 93, 94]. Whereas little or no internalization was observed in the absence
of exogenous GRKs or in the presence of the dominant negative GRK2 (DN-GRK2),
coexpression of GRK2, GRK5 [68], or GRK3 [69] caused significant D2 receptor
internalization.

Similar to the D1 receptor, internalization of the D2 receptor involves GRK-
dependent receptor phosphorylation, followed by the translocation of arrestin2 and
arrestin3 to the cell membrane [69, 95] which function to promote receptor inter-
nalization [57]. The endogenous dopamine D2 receptor in neurons, however, has
been shown to preferentially interact with arrestin2 [95]. The D2 receptor isoforms
also showed differential regulatory mechanisms for internalization. For example,
although both isoforms displayed a similar level of phosphorylation and arrestin
translocation, the actual internalization of the two isoforms was differentially reg-
ulated by GRKs and arrestins, where the internalization of the D2S receptor was
preferentially enhanced by GRK2 or GRK3, but the D2L receptor was preferentially
enhanced by arrestin3 [96]. As discussed previously, given that the two receptor
isoforms differ by a 29 amino acid insertion in the third intracellular loop of the
D2L receptor, it is plausible that this region may play a role in isoform-specific
trafficking.

In contrast to the D1 receptor, D2 receptor internalization appears to be mediated
by specific dynamin isoforms, suggesting specificity between dynamin isoforms and
dopamine receptor subtypes. It has been reported that the internalization of the D2S
receptor is dynamin dependent, implicating the clathrin-coated endocytic pathway
in the internalization of this receptor [57, 69, 93]. There are conflicting reports, how-
ever, as to the importance of dynamin-mediated mechanisms in the internalization
of the D2L receptor. While it has been suggested that the D2L receptor internal-
izes in a dynamin-independent manner [57, 85], these studies assessed only the role
of the dynamin1 isoform, whereas the dynamin2 isoform has been more recently
implicated. In cultured cells and primary striatal neurons dynamin2 was shown to
localize to sites of D2 receptor internalization and associate with the D2 receptor
in the rat brain [1]. Furthermore, when high-resolution immunoelectron microscopy
was used to study internalization patterns of the D2 receptor in the primate prefrontal
cortex, the D2 receptor was demonstrated to undergo clathrin-mediated endocytosis
via clathrin-coated pits and clathrin-coated vesicles [97].

In contrast to the D2 receptor, the D3 receptor demonstrated little internaliza-
tion in response to dopamine stimulation and only in the presence of overexpressed
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GRKs [48, 69, 96]. In addition, there appeared to be no noticeable translocation of
arrestin in cells expressing the D3 receptor [96].

PKC activation also led to 50% of the D2 receptor being internalized when PKCβ

was overexpressed [72]. Mutagenesis studies suggest that both of the PKC phos-
phorylation domains identified within the third intracellular loop were involved in
regulating its internalization from the cell surface [72]. It has also been demon-
strated that PKC activation induced significant internalization of the D3 receptor
that appeared to be dependent on both dynamin and filamin A [48], a result that
supported previous evidence of a clathrin-mediated mechanism in D3 receptor
endocytosis [69].

Mechanisms underlying the regulation of the D4 receptor are poorly understood.
An interesting feature of the D4 receptor, however, is the highly polymorphic region
within the third cytoplasmic loop. The human D4 receptor has a variable number of
tandem repeats within the third intracellular loop as well as multiple putative Src
homology 3 (SH3)-binding motifs that may regulate the trafficking properties of
this receptor. Deletion of all the putative SH3-binding domains, but not the tandem
repeat, in the third intracellular loop of the D4 receptor resulted in constitutive inter-
nalization [98]. Similarly, deletion of one of the two SH3-binding sites abolished
arrestin3 translocation [96], suggesting that the SH3 domains may be important in
the regulation of D4 receptor responsiveness.

8.4.3 The D1–D2 Heteromer

Given the relatively recent discovery of the D1–D2 receptor heteromer, there is much
yet unknown regarding the trafficking properties of this complex. It has been deter-
mined that selective agonist occupancy by either a D1 agonist or a D2 agonist leads
to D1–D2 heteromer cointernalization [77]. This is an interesting finding that indi-
cates activation of only one receptor within the D1–D2 complex is sufficient for
internalization, whereas coactivation of the D1 and D2 receptors is required for the
PLC-mediated calcium signal. It was also shown that heteromerization resulted in
altered steady-state cellular distribution of the D1 and D2 receptors within cells that
were distinct from that of the D1 and D2 receptor homomers [77]. Together, these
findings emphasize the unique trafficking responses of the heteromer compared to
its constituent D1 and D2 receptors, a characteristic that may elucidate differences
in physiological function.

8.5 Resensitization

8.5.1 D1-Like Receptors

Investigations into the trafficking fate of the D1 receptor after agonist-induced inter-
nalization have generally reported that the D1 receptor recycles back to the plasma
membrane [50, 51, 83–85, 99, 100], as opposed to being targeted to lysosomes
for receptor degradation. With the use of immunohistochemistry or fluorescence
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microscopy, the D1 receptor expressed in cultured cells or neurons was demon-
strated to recycle back to the plasma membrane after removal of agonist within
approximately 20–30 min [83, 85, 99]. In accordance with these studies, dopamine-
stimulated D1 receptor phosphorylation has been shown to be rapidly reversed
within 30 min, although resensitization of the D1 receptor-mediated cAMP response
occurred much more slowly, taking a minimum of 5 h to reach control levels. It was
suggested that internalization was not mandatory for D1 receptor dephosphoryla-
tion since pretreatment of the cells with hypertonic sucrose or concanavalin A did
not alter D1 receptor dephosphorylation after agonist removal [54]. The efficient
recycling of the D1 receptor, however, was recently reported to require a specific
sequence within the proximal portion of the carboxyl terminus of the receptor [99].
This sequence spans amino acid residues 360–382 of the human D1 receptor and
is distinct from those previously identified as being required for efficient recycling
of other GPCRs [101–105]. The importance of this sequence as a sorting signal
was further established by demonstrating that the motif could induce the recycling
of the δ-opioid receptor, a receptor that traffics preferentially to lysosomes after
agonist-induced internalization [99].

Attempts have been made to elucidate the accessory proteins that may contribute
to the regulation of D1 receptor postendocytic sorting. GPCR-associated sorting
protein (GASP) has been shown to interact with the D1 receptor, and to a greater
degree, the D2 receptor [100, 106]. However, while GASP was demonstrated to
promote receptor degradation in the D2 receptor, a role in D1 receptor sorting was
not observed [100]. A recent study involving a number of mutant GPCRs, including
the D1 receptor, demonstrated that the presence of a GASP interaction in and of
itself is not sufficient to induce receptor degradation but rather it is the robustness
of the GASP–receptor interaction that regulates the targeting to lysosomes [106].
It was shown that although deletion of the recycling motif in the D1 receptor pre-
vented recycling, it also was not targeted for degradation, suggesting that preventing
recycling does not necessarily promote D1 receptor degradation unless affinity for
sorting proteins such as GASP that mediate degradation is altered as well [106].

Although the endocytic sorting mechanisms of the D5 receptor are poorly under-
stood, it has been shown that the carboxyl terminus of the receptor binds to sorting
nexin 1 (SNX1) [107], a trafficking protein that has been implicated in the lysoso-
mal targeting of the thrombin receptor PAR1 [108]. Although the role of SNX1 in
D5 receptor trafficking has yet to be defined, these results suggest that the postendo-
cytic sorting of the D5 receptor may involve sorting to lysosomes that is mediated
by SNX1.

8.5.2 D2-Like Receptors

While it has been previously demonstrated that the D2 receptor can recycle within
approximately 30 min of dopamine exposure in cultured cells [85], more recent
evidence suggests that the D2 receptor is predominantly degraded after dopamine
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exposure in cells and neurons [100]. As discussed previously, unlike the D1 receptor,
the sorting fate of the D2 receptor appears to be mediated by GASP in non-neuronal
cells. Moreover, it was shown that dopaminergic neurons endogenously expressing
GASP did not exhibit a functional recovery of neuronal responses following D2
receptor agonist administration, whereas disrupting the GASP–D2 receptor interac-
tion facilitated the recovery of functional D2 receptor responses [100]. In addition
to GASP, the PKC-interacting protein, ZIP, has been shown to associate with the D2
receptor in both cultured cells and endogenous brain tissue. Overexpression of ZIP
reduced D2 receptor cell-surface expression via enhanced trafficking of the receptors
to lysosomes, suggesting that the ZIP protein functions as a negative modulator of
D2 receptor expression [109]. Such differences in D2 receptor sorting as compared
to the D1 receptor may have significant implications with regard to dopaminergic
signaling since in vivo both the D1 and D2 receptors respond to dopamine and
thus may lead to an altered signaling profile depending on the extent of previous
dopamine exposure.

8.6 Dysregulation of Receptor Trafficking in Health and Disease

In many instances the acute activation of dopamine receptors leads to a reduction
in receptor number as they internalize into the cell. For some receptors, such as the
D1 receptor, this effect is generally transitory with a subsequent recovery of recep-
tors back to the cell surface. However, evidence indicates that the D2 receptor may
be preferentially targeted to degradation pathways (see Section 8.5.1), suggesting
that persistent alterations in extracellular dopamine could potentially have long-
term consequences on dopamine receptor trafficking and responsiveness. Indeed,
chronic alterations in dopamine tone have been associated with brain region-specific
alterations in dopamine receptor expression for a number of neurological disorders,
including schizophrenia (reviewed [110]), Parkinson’s disease (reviewed [111]), and
drug abuse [112] and have been readily observed in animal models of enhanced
dopamine transmission [113–115].

The pharmacological modification of dopamine transmission has long been
employed as a therapeutic tool in the treatment of many dopamine-related disor-
ders. It has been repeatedly shown, however, that the long-term use of dopamine
receptor drugs can lead to the development of negative secondary symptoms that
may be linked with changes in dopamine receptor trafficking. Long-term levodopa
administration, for example, can be associated with the development of dyskine-
sias, a behavioral manifestation that has recently been postulated to be the result
of impaired D1 receptor desensitization processes [116]. Similarly, the chronic
administration of various antipsychotics also has been reported to result in the man-
ifestation of extrapyramidal motor symptoms (EPS) (reviewed [117, 118]) that may
be associated with altered dopamine receptor densities in the brain [119–122].

As a result of the current undesirable consequences underlying some of the phar-
maceutical agents used in the treatment of dopamine disorders, new avenues of
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research continue to be explored in an attempt to identify novel drug therapies
that have pharmacological benefits in the absence of behavioral side effects. Our
improved understanding of dopamine receptor trafficking has greatly contributed
to this goal. One such area of research involves the development of agonists that
exhibit functional selectivity, that is, agonists that exhibit discrete receptor affinities,
receptor trafficking profiles, and/or differ in their ability to induce specific down-
stream signaling events. Several agonists have been identified for the D1 receptor,
for instance, that differentially induce internalization and/or the targeting of inter-
nalized receptors to discrete trafficking pathways [123, 124]. Furthermore, while
antipsychotics generally function as D2 receptor antagonists (reviewed [125]), the
antipsychotic aripiprazole has been shown to act as an agonist at presynaptic D2
receptors [126] and additionally exhibit cell line-specific partial agonism, or func-
tional antagonism, at postsynaptic D2 receptors [126–128]. In a cell line where the
drug displayed partial agonist activity, aripiprazole exhibited functional selectivity
for both D2 receptor-mediated trafficking and signaling. In contrast to dopamine,
aripiprazole did not induce D2 receptor internalization and, unlike typical agonists,
this drug exhibited low potency for the mitogen-activated protein kinase effector
pathway compared to other D2 receptor-mediated signaling pathways [129]. As
aripiprazole has been demonstrated to have an excellent side-effect profile (reviewed
[130]), the differential mediation of D2 receptor trafficking and signaling by the drug
may be of relevance to its ability to provide therapeutic benefits without inducing
the manifestation of EPS.

Another group of functionally selective agonists are those that affect the receptor
export pathways by acting as pharmacological chaperones. These membrane per-
meable molecules would bind to partially folded or misfolded dopamine receptor
monomers or oligomers, correct their folding, and rescue them from ER retention.
It has been reported, for instance, that membrane permeable agonists could rescue
an intracellularly sequestered D1 receptor homomer by inducing a conformational
change that permitted its cell-surface trafficking from the ER [7]. Similarly, the
antipsychotic pipamperone has been shown to both increase the trafficking of D4
receptors to the plasma membrane and also effectively rescue a D4 receptor mutant
from intracellular sequestration [131]. Thus, the exogenous manipulation of ER
retention mechanisms through the use of pharmacological chaperones may provide
another useful means to regulate dopamine receptor trafficking.

8.7 Concluding Remarks

Although the detailed mechanisms of trafficking of the five individual dopamine
receptors and their isoforms have yet to be fully elucidated, what is currently known
clearly highlights the complexity of dopamine receptor trafficking and its role in
cellular responsiveness. From the biosynthesis of dopamine receptor complexes
to desensitization and internalization, it is now apparent that dopamine receptor
trafficking is regulated by an incredibly wide array of protein–protein interactions
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that can be highly specific not only to each receptor subtype but also within each
subcellular compartment. The importance of oligomerization in dopamine recep-
tor trafficking has also become increasingly evident, and together with the exciting
discovery of a novel D1–D2 receptor heteromer, these findings have provided new
insights into the mechanisms of receptor transport. Undoubtedly, it is an excit-
ing time for dopamine receptor research as intracellular accessory proteins, and
oligomeric receptor models are incorporated into strategies for drug discovery. It is
hopeful that the next decade will clarify further specific aspects of dopamine recep-
tor trafficking, their contribution to cellular responsiveness, and their role in health
and disease.
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Chapter 9
Dopamine Receptor-Interacting Proteins

Lisa A. Hazelwood, R. Benjamin Free, and David R. Sibley

Abstract Historically, dopamine receptors (DARs) and other G protein-coupled
receptors (GPCRs) were believed to be independent signaling units in the plasma
membrane, interacting only transiently with G proteins to initiate a downstream
signaling cascade. However, in recent years it has become clear that DARs do
not function in isolation, but in fact exist as members of macromolecular protein
complexes. The DAR protein complex, or the signalplex, consists of a variety of
protein interactors that may be transient or stable in nature and that are collectively
referred to as dopamine receptor-interacting proteins (DRIPs). Ultimately, the goal
of the signalplex is to organize the cellular machinery or signaling components that
are critical to the DAR at any given time in an orderly fashion. This higher level
of organization around the DAR enables the receptor to process all information,
from extracellular ligands or intracellular signaling molecules, and propagate the
necessary cellular response in a timely and efficient manner.

Keywords Interacting proteins · Signalplex · Yeast two-hybrid · Immunoprecipi-
tation · Proteomics

9.1 Introduction to the Signalplex

Historically, dopamine receptors (DARs) and other G protein-coupled receptors
(GPCRs) were believed to be independent signaling units in the plasma membrane,
interacting only transiently with G proteins to initiate a downstream signaling cas-
cade. However, in recent years it has become clear that DARs do not function
in isolation, but in fact exist as members of macromolecular protein complexes
[1, 2]. The DAR protein complex, or the signalplex, consists of a variety of pro-
tein interactors that may be transient or stable in nature and that are collectively
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referred to as dopamine receptor-interacting proteins (DRIPs). Once assembled into
the signalplex, DARs and DRIPs can operate as a distinct unit to receive and pro-
cess information critical to the cell from sources including ligands and cytosolic
molecules (Fig. 9.1). To process this wide array of informational input, the con-
stituents of the signalplex must change throughout the lifecycle of the receptor. The
purpose of the signalplex then is to enable the DAR to adapt and function opti-
mally and rapidly within a changing cellular milieu, based on factors as diverse as
receptor maturity, cytosolic pH, calcium concentration, and ligand binding. In the
absence of the signalplex, cellular signaling would be dependent on diffusion of a
multitude of protein effectors, thus greatly reducing the speed and efficiency of the
cellular response. Indeed, the signalplex provides a heightened level of organization
within the cell for spatial and temporal control of signaling, and likely facilitates
the diverse functions mediated by dopamine in different organs and even different
cell types. Although we are only beginning to unravel the components of the DAR
signalplex, it has become clear that the DRIPs involved may determine a multitude
of receptor properties, including preference for signal transduction pathways and
organization into cellular compartments or microdomains.

Fig. 9.1 The dopamine receptor has been demonstrated to interact with a multitude of proteins,
including trafficking, scaffolding, and adaptor proteins, kinases, ion channels, and various signal-
ing molecules, a few of which are illustrated in this “signalplex.” The complement of interacting
proteins likely changes throughout the life span of the cell, and can be impacted by dopamine
stimulation and other extracellular events
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9.1.1 Constituents of the Signalplex – DRIPs and DRAPs

The discrete components of the DAR signalplex likely change throughout the
life span of the receptor, and depend upon the state of receptor maturation, lig-
and binding to the receptor, and various components of the cellular milieu. For
a newly synthesized receptor, trafficking and targeting proteins such as calnexin
[3] can begin their association with DARs at the translational machinery and
remain with the receptor until insertion in the plasma membrane. This mechanism
ensures correct spatial and temporal placement of the DAR in a direct manner.
Receptor retention at the plasma membrane, as well as compartmentalization into
microdomains, may be governed by scaffolding and accessory proteins such as
spinophilin [4]. These scaffolding/accessory proteins may also act as tethers, link-
ing the DAR to other proteins by indirect association (tethered proteins are termed
DRAPs or dopamine receptor-associated proteins). Ligand binding to the DAR
can initiate interaction with a variety of signaling proteins, including G proteins
and kinases. Intracellular calcium levels can also activate subsets of signaling pro-
teins, such as calcineurin [5], that interact with DARs. In both cases, the signaling
proteins may directly interact with the receptor, facilitated by proximity within a
microdomain, or they may be transiently tethered to the receptor by a scaffolding
protein. Finally, after the DAR has been desensitized via interactions with protein
kinases, it interacts with proteins such as arrestin that lead to internalization of the
receptor. Once internalized, the DARs are sorted for recycling or degradation based
on their interaction with specific trafficking proteins such as GASP [6] or GIPC [7].

As mentioned above, the association between DARs and members of the sig-
nalplex may be direct (DRIPs) or indirect (DRAPs). Most indirect interactors are
likely downstream effectors, such as ion channels or adenylyl cyclase. While it is
not necessary for DARs and DRAPs to be in direct contact with one another, signal
propagation is far more efficient because the signalplex maintains the effector in
close proximity to the receptor–G protein complex. In contrast, DRIPs must inter-
act directly with the DAR, as is the case with kinases or G proteins. Scaffolding
proteins are also DRIPs that may interact stably with the DAR in order to promote
associations between DARs and a variety of other proteins, including DRAPs. In all
cases, the signalplex provides the most efficient use of space and time for optimal
cellular efficacy.

9.1.2 Points of Interaction for DRIPs

DRIPs may associate with various portions of the DAR to form the signalplex. The
most common area for these protein–protein interactions to occur is on the intracel-
lular face of the DAR, specifically within the third intracellular loop or the carboxyl
terminus. In addition to facing the cytosol and, therefore, the vast majority of puta-
tive protein interactors, the third intracellular loop and carboxyl terminus are also
the largest soluble spans of the DARs and are considered to be quite flexible. These
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large regions of accessible protein provide ample room for binding of DRIPs and,
indeed, many identified DRIPs have been proven to associate with the DAR in these
two regions. In addition to the size and accessibility of these two receptor domains,
they are also both targets of multiple protein kinases; many putative interactors
utilize such phosphorylated residues to anchor protein associations. Finally, crys-
tallography has recently uncovered a short eighth transmembrane domain within
the carboxyl terminus of many GPCRs that appears to be important for ligand
activation of the receptor and, subsequently, G protein coupling [8]. This region
thus takes on significance as an activator “switch,” and the possibility that proteins
interacting with the DAR in this region may respond directly to ligand stimulation
is quite intriguing. Aside from the intracellular face of the DAR, it is also possi-
ble for other membrane-spanning proteins to associate with the DAR through their
transmembrane domains. In fact, this has recently been demonstrated as the likely
mechanism for D2 receptor oligomerization [9]. Importantly, the transmembrane
domains involved in protein interactions are predicted to undergo conformational
shifts upon ligand binding, allowing the receptor to communicate this activation
directly to the interacting partner without intermediary signaling molecules. For
interactions between DARs and other large, membrane-spanning proteins, the trans-
membrane surfaces provide ample surface and opportunities for interactions and
direct communication without second messengers.

9.1.3 The Signalplex as the Most Efficient Unit for Transmission

Ultimately, the goal of the signalplex is to organize the cellular machinery or signal-
ing components that are critical to the DAR at any given time in an orderly fashion.
This higher level of organization around the DAR enables the receptor to process
all information, from extracellular ligands or intracellular signaling molecules, and
propagate the necessary cellular response in a timely and efficient manner. By alter-
ing the components of the signalplex throughout the life span of the DAR and in
different physiological environments, the DAR is able to respond best to the needs
of the specific organ and cell at that moment.

9.2 Discovery Mechanisms

The protein constituents of the DAR signalplex can be quite dynamic with respect
to space and time. Elucidating the complete array of interacting proteins involved
in the regulation and signaling mediated by DARs has become an important goal
of this field. This identification presents a formidable task; first and foremost is
the dynamic nature of the signalplex. As mentioned above, the signalplex is very
likely constantly changing depending on the needs of the cellular environments, the
state of the receptor, or in response to signaling. Therefore, the very nature of the
signalplex itself greatly complicates discovery of proteins that interact with DARs.
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Second, cellular and tissue-specific environments may very well dictate the com-
ponents of a given DAR signalplex. Different tissues and cell types are likely to
contain a mixture of different specific proteins. Proteins that are integral parts of the
signalplex in one tissue may not even be present in another tissue. Luckily, a num-
ber of different techniques have been developed to address some of these concerns.
While all of the current techniques have their pitfalls, they all also have power-
ful value in determining interacting proteins. Taken together these represent diverse
ways of looking at a similar problem – discovery of the DAR signalplex.

9.2.1 Membrane-Based Two-Hybrid and Split-Ubiquitin Systems

The yeast two-hybrid, bacterial two-hybrid, and split-ubiquitin systems address the
issue of cellular/tissue-specific interactions being a problem for identifying sig-
nalplex components by taking cellular environment completely out of the assay, and
screening entire libraries of potential protein interactors. These systems use either
yeast or bacteria as a model organism to determine potential protein interactions
on a genomic scale. The general basic premise of the classical yeast two-hybrid
revolves around transcriptional activation of screenable reporter genes. The classi-
cal yeast two-hybrid system has limited usefulness for membrane proteins such as
DARs since the transcription factors are in the nucleus and membrane proteins are
generally trafficked away from the nucleus. However, fragments of the receptor can
be used as bait in this system and have been useful in identifying some interactors
to non-membranous regions of the DAR. Therefore, classical two-hybrid is mostly
useful for identifying soluble protein–protein interactions. However, modifications
of these techniques such as the split-ubiquitin system [10] or membrane yeast two-
hybrid [11] have allowed for use of this kind of technology for intact membrane
proteins. In this system instead of using parts of transcription factors, ubiquitin can
be split and separate parts attached to bait and prey proteins. The bait protein also
contains a transcription factor for a reporter gene. If the bait and prey proteins inter-
act (i.e., bind), then the ubiquitin pieces come together and are then cleaved by the
yeast’s ubiquitin-specific proteases and the transcription factor is liberated, where
it travels to the nucleus and activates the reporter gene. If the two proteins do not
interact, there is no transcription of the reporter gene since the transcription factor
is locked at the membrane surface. This allows for selection of proteins that interact
with the intact DAR.

The bacterial two-hybrid system is based on the transcriptional activation in
E. coli, where an arbitrary pair of interacting proteins can mediate transcription of a
synthetic promoter – one protein is tethered near the promoter via fusion to a DNA-
binding domain, while the other protein is fused to a subunit of the E coli RNA
polymerase. The resulting transcription can be measured as an increase in expres-
sion of a selectable reporter gene. The most significant benefit to this system is the
ability to rapidly assess very large libraries greater than 108 in size – however, the
technique is limited by the inability of host bacteria to post-translationally modify
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or properly express eukaryotic proteins, however, it has proved possible to identify
protein–protein interactions using this technique [12].

This assay has proven a powerful technique in identifying direct protein interac-
tions and is able to examine interactions with entire proteomes at one time. However
there are also multiple pitfalls of the system. The system is notorious for false posi-
tives, requiring that all found interactions be confirmed by additional methods. The
system is also only able to identify proteins that directly interact with the receptor.
It is possible, and maybe even likely, that many members for the signalplex form
a complex that would not allow them to directly bind to the receptor, but bind to
other members of the signalplex. Furthermore, this system cannot take into account
modifications of a protein that may be needed for binding to the bait. Therefore it is
difficult to envision that this technique alone would be able to find all the signalplex
members. Regardless, several DAR-interacting proteins have been identified this
way, and the technique can also be used to identify regions of protein interaction by
utilizing truncated protein pieces.

9.2.2 Biochemical Approaches: GST-Fusion Protein Pull Downs

Another technique that has been developed and proven to be effective in elucidating
protein–protein interactions are pull-down assays. Glutathione (GSH) is a protein
that contains a free thiol group, normally involved in protection of cells against
oxidative stress. Glutathione-S-transferase (GST) is a protein that participates in
detoxification of many reactive substances by forming adducts through the thiol
group. GST binds GSH with very high affinity. This natural chemistry is exploited in
the GST pull-down assay where a recombinant protein of interest is made containing
GST. This protein can then be coupled to GSH agarose for affinity chromatogra-
phy to pull down interacting proteins, thus making an ideal way to separate and
purify proteins that interact with your GST bait protein [13]. Because of the diffi-
culty in identifying the interacting proteins through subsequent immunoblots, this
assay has been used in a largely confirmatory way to show that two known pro-
teins interact, the problem being that one has to know or at least suspect what the
proteins are so that you can choose an appropriate antibody. However, if this is cou-
pled with mass spectroscopy (MS) for identification of the interacting proteins (see
more in Section 9.2.4) it becomes a more powerful technique for identifying novel
interactions.

There are several primary advantages to this technique over the more traditional
two-hybrid systems described above. These include: the isolation correlates to the
strength of the interaction, the isolation is independent of a down-stream detection
(such as transcriptional activation), the technique can internally be controlled for
specificity by utilizing an unrelated negative control protein, one can isolate more
than one interacting partner at a time, and entire genomes can be queried with the
sequencing results found via MS.

While this highlights the power of this approach, there are indeed also significant
pitfalls that make this approach miss some interacting proteins and make it entirely
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unsuitable for others. The approach depends entirely on a recombinant/non-native
protein. There is no guarantee that the protein will express properly in bacteria or
fold properly to allow for native interacting partners to bind either in the host bacte-
ria or after coupling to the agarose. Furthermore, weak or low-abundant interactions
are likely to be missed or not interact with a strong enough affinity to be pulled
down after washing in the chromatography steps. Interference can also arise from
detergents or pre-formed protein complexes in the samples that are being used as
prey. Finally, this is clearly a non-native artificial environment and many interactions
likely rely on the cellular environment of the proteins. Therefore, not all proteins
found will be direct members of the signalplex, but may be alternative binding part-
ners of one of the signalplex members, that may form in solution before the bait
protein is even tested.

9.2.3 Protein Microarrays

Protein microarrays have emerged as a complementary procedure for studying pro-
tein interactions in vitro. Microarray-based assays require purified proteins, which
are usually obtained as tagged fusion proteins. By arraying sets of recombinant pro-
teins in the microarray format one can screen dozens or even thousands of potential
interactors. Prefabricated arrays can be purchased and used for detection. When you
screen proteins like this you can either use an antibody against your bait protein of
interest, or use a fusion protein bait with an available antibody to the fusion tag.
The principle comes down to a miniaturized ligand-binding reaction, with your bait
protein serving as the ligand [14].

While this approach in principle is very powerful it is limited by several fac-
tors, including the need for dedicated very expensive microarrayers and arraying
robots. Current technology allows for arraying of only mostly soluble proteins, and
purification both positive and negative controls for the assay is still being optimized.
Regardless, the use of protein microarrays promises to be a powerful technique to
screen many possible interaction partners in the future.

9.2.4 Mass Spectroscopy-Coupled Co-immunoprecipitation
Proteomics

In MS-based proteomics, the protein itself is used as an affinity reagent to isolate
its binding partners. The primary advantages over the above-mentioned methods
are that the protein is used in its fully processed form, the interactions are in the
protein’s native environment, and multi-component complexes can be isolated in
a single step. With the sequencing of the human genome and the emergence of
advanced peptide-based mass spectroscopy (MS), recent studies have documented
that these approaches may be more useful for identifying proteins involved in the
biological regulation of neuronal responses.
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Recently, MS proteomic-based methods have proven useful for identifying inter-
acting proteins with neurotransmitter receptors, including NMDA [15], P2X7 [16],
and 5-HT2C [17] receptors. Additionally, both D1 and D2 receptor-interacting pro-
teins [3] have been successfully identified using this approach. There are three
essential components for successfully identifying neuronal proteins using MS-based
proteomics: immunoprecipitation of the protein bait, purification of the complex,
and the identification of the interacting partners.

The ability to immunoprecipitate a protein bait of interest from the desired sys-
tem must be established before further isolation of the complex can occur. Ideally,
an antibody is available allowing immunoprecipitation of the native protein from
tissues. If this is the case, then the bait can be an endogenous protein in native neu-
ronal tissue. However, suitable antibodies are often not readily available. In these
instances, the bait protein can be affinity tagged and expressed in an appropriate cell
system, followed by immunoprecipitation with commercially available antibodies
directed against the affinity tag.

Successful immunoprecipitation of the bait is followed by a series of washes
of varying stringency and then separation of proteins by denaturing polyacry-
lamide gel electrophoresis. The coupling of MS technologies with successful
co-immunoprecipitation allows rapid and specific identification of discrete mem-
bers of the protein complex and provides an attractive alternative for the discovery
of novel interacting partners that cannot be detected using two-hybrid or fusion
pull-down analyses.

While MS-based proteomics can be a sensitive and effective tool for identifi-
cation of interacting proteins, this procedure relies on a relatively strong affinity
between bait and targets. Furthermore, many biological interactions are transient
in nature and depend on cellular environment. Proper controls, manipulations, and
optimization techniques can help limit some of these pitfalls [18]. When used to its
full capability, co-immunoprecipitation coupled with MS analysis provides a use-
ful assay for discovering previously unknown protein partners, thus expanding our
existing knowledge of dynamic protein regulation and control.

9.3 Experimental Manipulations

Following the initial identification of a putative DRIP, much care must be taken to
confirm the interaction and to determine the significance of the DRIP association
with DARs. After verifying the occurrence and determining the functional signif-
icance of the interaction, the physiological location of the interaction should be
assessed. It is possible that for many different DRIPs association with the DAR
occurs in specific organs, and may even vary across cell types within the tissues.
Determining the physiological location of the interaction will greatly assist in ascer-
taining the role of the DRIP in cellular or receptor regulation. Finally, the ultimate
goal of DRIP discovery is to enhance the understanding of the workings and reg-
ulation of the DAR as a unit and its role in governing various cellular processes.
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Thus, once we understand the function and location of the DAR–DRIP interaction,
we can begin to ascribe a unique role in governing normal physiological processes
to each DRIP. Moreover, we can determine the relevance of each DRIP–DAR inter-
action to known disease states and etiologies, perhaps even altering current forms of
pharmacotherapy or creating novel drugs to better treat DAR-associated disorders.

9.3.1 Verification and Significance of the Interaction

After initial DRIP identification, preliminary experiments must be conducted to
ensure that the interaction is valid, and not a false positive result. Many of the
assays described in Section 9.2 can be employed in this secondary screening stage.
In the DRIP literature, the most common methods for DRIP verification are co-
immunoprecipitation or GST-fusion pull-down assays. In addition, FRET and BRET
analyses can be used to verify DAR interactors and are also essential tools for
determining direct interaction between DARs and DRIPs (discussed further in
Section 9.3.2).

After verifying the interaction, the experimenter should next examine the sig-
nificance of the DAR–DRIP association. This is commonly performed in cultured
cell expression systems, and ideally utilizes cells that do not endogenously express
either DAR or DRIP. If such cells are available, then multiple parameters of DAR
and DRIP can be investigated individually and after co-expression, including protein
localization and function. If such an expression system is unavailable, overexpres-
sion of one or both proteins is also a feasible mechanism to examine the relevance
of the DAR–DRIP interaction. These are popular approaches, and were success-
fully utilized in the characterization of multiple DRIPs, including calnexin and
S100B [3, 19].

In the event that all available cell systems contain both proteins, multiple inves-
tigation methodologies are still available. The DAR can be pharmacologically
manipulated in conjunction with measurements of DRIP function and/or traffick-
ing response. Another promising method for systems that express both proteins is
the inhibition of endogenous DAR or DRIP using siRNA technology. This approach
enables investigation of various cellular parameters and protein function both with
and without the interacting partner. Many of the proteins highlighted in the fol-
lowing sections utilized these investigational tactics – studies of prostate apoptosis
response 4 and the Na+,K+-ATPase employed siRNA technology [20, 21], and
dopamine transporter experimentation employed pharmacological manipulations of
both the transporter and DARs [22].

Finally, using a peptide inhibitor approach, it is possible to biochemically disrupt
the interaction of DAR and DRIP without altering the expression levels of either
protein. This is a valuable tool for cellular environments where full expression of
both proteins is necessary for normal biological function, as it enables functional
investigation of the consequence of targeted DAR–DRIP disruption. This approach
was successfully employed in the study of DAR interactions with the dopamine
transporter and G protein inwardly rectifying potassium channels [22, 23].
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9.3.2 Location of the Interaction – Tissues and Protein Domains

Occasionally, elucidation of important organs for DAR–DRIP interactions is
straightforward – when the DRIP is only present in a particular tissue, for exam-
ple. However, because of the wide physiological distribution of DARs, and because
many DRIPs have multiple homologues expressed across a variety of tissues, identi-
fying significant organs for a given DAR–DRIP association can be challenging. If it
is known that DAR and DRIP are both expressed in a given organ, then immunohis-
tochemistry can be used to look at protein distribution at the cellular level. Once a
cellular source for DAR–DRIP co-localization is identified, it is possible to generate
primary cultures of these cells for functional analyses. Functional experimentation
in primary cell cultures is likely to incorporate many of the methods detailed in the
previous section, including pharmacological manipulation and biochemical inhibi-
tion of the proteins. Such experiments were performed by investigators studying
DAR interactions with S100B and the G protein-coupled receptor-associated sorting
protein [6, 19].

In addition to determining organ localization for the DAR–DRIP association, the
DAR and DRIP protein domains that mediate the interaction are also of relevance.
Many DRIPs were discovered using yeast or bacterial two-hybrid systems. In these
instances, the DAR “bait” is the receptor-interacting domain and only the DRIP
interaction point remains to be determined. For some DRIPs, especially scaffold-
ing and anchoring proteins, the protein sequence contains a series of well-defined
domains including protein-interaction domains. For such proteins, interaction map-
ping is straightforward and mutagenesis experiments can be employed. The task of
mapping interaction domains is far more challenging if the DRIP, like DARs, is a
transmembrane protein. In these circumstances all regions of both DAR and DRIP,
including the hydrophobic transmembrane regions, are potential interacting sites.
Mutagenesis and truncation mapping studies were performed when determining the
DAR–DRIP interaction sites for many soluble DRIPs, including GAIP-interacting
protein C terminus [7], as well as for soluble regions of the transmembrane-spanning
dopamine transporter [22, 24].

Determining the domains that are critical for the protein–protein interaction
does not necessarily indicate that the proteins directly interact – it is possible
that the mapped regions on each protein are required for binding to an interme-
diary, scaffolding protein, as is the case with DRAPs. Indeed, most methods for
examining DAR–DRIP interaction only support that the two proteins are in a com-
plex and in close proximity to one another, but not that they can directly interact.
The closest approximations of direct DAR–DRIP interactions are ascertained from
co-localization studies and FRET or BRET analysis [25].

Co-localization studies require either transfection of fluorescent-tagged proteins
or fluorescent-conjugated antibody staining of endogenous proteins to determine
whether the DAR and DRIP are found in overlapping regions of the cell. This
method for determining direct protein–protein interaction is most convincing if there
is evidence for alternative distribution patterns of at least one of the proteins – for
example, if the DRIP is commonly stored in vesicles, but when interacting with the
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DAR it is localized to the plasma membrane. Such a finding was presented with the
interaction of the transient receptor potential channel 1 with DARs [26].

FRET or BRET analysis provides the most detailed information on the proximity
of DAR to DRIP. For these assays, the interacting proteins must be within 10 Å of
one another in order to achieve proper luminescence transmission between the two
tagged proteins. However, even in such close range, it is still possible that a scaffold-
ing or adaptor protein may govern the association of DAR and DRIP. Nonetheless,
FRET and BRET are currently the best estimation of protein proximity and, when
possible, have been employed to assess whether DAR–DRIP interactions are direct.
Notably, FRET and BRET analysis have been used to study DAR interactions with
other GPCRs, a topic that will be covered in Chapter 10. BRET was also used to
study interactions between the D2 DAR and arrestin3 [27].

9.3.3 Model Systems and Disease Relevance

After complete biochemical characterization of the DAR–DRIP interaction, it is
often desirable to generate a model system for further study. This is most notably
the case when the DAR–DRIP complex has important cell regulatory functions
that imply a role for the interaction in human disease. Transgenic and knockout
mouse models have been utilized in the characterization of several DRIPs, including
prostate apoptosis response 4 and arrestin3 [21, 28]. Experimentation with animal
models has revealed formerly unappreciated aspects of dopaminergic signaling and
regulation, and revealed new potential pathways for future therapeutic intervention
in a variety of disease states including depression and addiction [6, 21, 22].

9.4 Protein Members of the Dopamine Receptor Signalplex

As the members of the DAR signalplex have been identified, it has become clear
that DRIPs are not necessarily shared across the D1 and D2 families of DARs. In
fact, even within the D1 and D2 families, protein interactors may associate with one
DAR subtype and not another. This phenomenon may help to explain the wide array
of physiological functions that are performed by DARs with the same G protein-
coupling profile. It is likely, then, that unique signalplexes exist not only across
cell types and throughout the lifecycle of the receptor, but also depend upon the
complement of receptors present within the cell. Continued identification of proteins
within the DAR signalplex will undoubtedly shed light on the unique signaling and
regulative processes for each DAR.

9.4.1 Targeting and Trafficking Proteins

Proteins in this category can be subdivided into two groups – DRIPs that assist with
trafficking and correct targeting of a newly synthesized DAR to the cell surface, and
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those that are involved in the desensitization/internalization/recycling pathway of
the DAR. DRIPs that target newly synthesized DARs to the cell surface are likely
to first associate with the receptor in the ER; these DRIPS may also play a role
in the proper folding and membrane insertion of the DAR. After receptor stimula-
tion, a subset of DRIPs is necessary for binding to the receptor for removal from
the plasma membrane. After endocytosis of the DAR, the fate of the receptor must
be determined – resensitization and recycling to the cell surface versus lysosomal
degradation of the receptor. These post-endocytic determinations of DAR fate are
made by the complement of DRIPs that associate with the receptor.

9.4.1.1 Calnexin

The protein calnexin functions as both an endoplasmic reticulum (ER) retention
protein and chaperone, thus enabling the proper folding and assembly of glyco-
proteins prior to their export to the Golgi [29–31]. Both D1 and D2 DARs have
been found to interact with calnexin via co-immunoprecipitation-based mass spec-
troscopy studies [3]. The interaction with calnexin in the ER is critical for the
optimum expression of both DARs, and interestingly appears to be tightly regu-
lated; there is an optimal degree or duration of calnexin interaction that results in
the maximum amount of receptor being expressed at the cell surface. The inter-
action of calnexin with the DARs appears to be complex and dependent upon
at least two different mechanisms. This has been demonstrated by using receptor
mutants and pharmacological approaches. Most calnexin interactions are associated
with glycoproteins based on their N-linked oligosaccharide side chains; however,
some newer data suggest that calnexin may also target and bind non-glycosylated
membrane proteins [3]. These data support the idea that the DARs actually asso-
ciate with calnexin via both mechanisms: interaction of protein components as
well as their carbohydrate side chains. Demonstration that calnexin interacts with
the DARs via two distinct mechanisms raises the possibility that these different
interactions may serve distinct biological functions. Although calnexin functions
as a chaperone protein to assist in protein folding and assembly, it also serves
as an ER retention protein that prevents misfolded proteins from exiting the ER
and going on to the Golgi. Furthermore, it is possible that it is involved in het-
eromeric and homomeric assembly of dimers in the ER, and some data suggest
that it may play a role in the proper assembly of these complexes. It has been
suggested based on data with trafficking-deficient DAR mutant receptors, as well
as glycosylation-deficient DAR mutant receptors, that glycan-dependant receptor–
calnexin interactions may mediate the chaperone functions of calnexin, whereas
the glycan-independent protein–protein interactions may be more relevant to ER
retention and quality control [3]. Regardless of mechanisms it is clear that opti-
mal receptor–calnexin interactions critically regulate D1 and D2 receptor trafficking
and expression at the cell surface, a mechanism that is likely to be of importance
for many GPCRs. This highlights the essential nature of trafficking DRIPs in DAR
physiology.
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9.4.1.2 Dopamine Receptor-Interacting Protein-78

One of the first targeting and trafficking proteins identified to be a member of the
D1 DAR signalplex was DRIP78, so named because of its dopamine receptor inter-
action and its molecular mass of 78 kDa. It was identified in a yeast two-hybrid
screen using the carboxyl terminus of the D1 DAR as bait [32]. The specificity
of this interaction location was subsequently verified with GST pull-down assays.
Studies have shown that DRIP78 is an important member of the signalplex and is
not likely to be totally specific to the D1 DAR. DRIP78 closely co-localizes intra-
cellularly with several ER membrane proteins and is clearly distinct from the Golgi.
When DRIP78 is co-expressed with the D1 DAR in heterologous cell lines, there
is a marked change in D1 DAR localization from the cell surface to intracellu-
lar stores containing DRIP78. Interestingly, when a mutant form of DRIP78 that
does not bind to the D1 DAR was overexpressed with the receptor, the D1 DARs
remained on the cell surface. These findings indicate the ability of DRIP78 to have
a negative regulatory function when overexpressed with the D1 DAR. Experiments
that disrupt the DRIP78–D1 DAR interaction also showed effects on transport to
the cellular surface–hence, disruptions in the endogenous levels of this interaction
appear to compromise the normal transport of the receptor to the cellular surface
[32]. DRIP78 most likely acts as an ER retention protein by binding to, and thereby
masking, a portion of the D1 DAR carboxyl-terminal tail that is essential for export
from the ER. If the completely formed receptors are not transported from the ER
in a timely fashion then they are rapidly degraded, and it appears that the DRIP78
interaction is an essential part of this quality control mechanism. D1 DAR transport
to the cell surface is highly sensitive to the levels of DRIP78, and either interference
or augmentation of those levels slows the ER export of the receptors. This suggests
a dual function in both ER retention and quality control, as well as assistance in
transport, reminiscent of the D1 DAR interaction with calnexin described above.

9.4.1.3 ALG-2-Interacting Protein 1

Recently ALG-2-interacting protein 1 (AIP1) was identified as a D1-interacting pro-
tein through a yeast two-hybrid screen using the carboxyl-terminal domain of the
receptor. AIP1 is a known modulator of caspase-dependent and caspase-independent
neuronal cell death. The protein is also known to be part of the endosomal trans-
port system. AIP1 was also found to interact with the D3 DAR in a similar
yeast two-hybrid experiment. This interaction was verified for both receptors via
GST pull-down assays and co-immunoprecipitation from mouse brain lysates [33].
Interestingly, AIP1 may represent an important functional link between D1 and D3
DAR-mediated signaling. It has been suggested that the D1 and D3 DARs and AIP1
proteins may all form a single complex. These findings have led to studies investi-
gating the interaction of AIP1 in affecting the trafficking, stability, and recycling of
these two DARs. Overexpression of all three proteins in heterologous cell lines leads
to the accumulation of the proteins in the cytoplasm, indicating a possible effect on
trafficking. Furthermore, it has been suggested that AIP1 could also be involved in
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recycling of the receptors because AIP1 is known to interact with ESCRT (endo-
somal sorting complex required for transport) proteins [34]. This protein is known
for sorting proteins for degradation or recycling to the plasma membrane. While the
exact influence of AIP1 is not yet fully characterized, it is a DRIP that may play a
prominent role in DAR biology.

9.4.1.4 Neurofilament-M

Neurofilament-M (NF-M), a neuronal cytoskeletal protein, was identified in a yeast
two-hybrid screen to be a DRIP with the D1 DAR. It was not found to interact
with the third cytoplasmic loops (the region of interaction with the D1 DAR) of the
D2, D3, or D4 receptors, but it did show weak interaction with the D5 DAR. Co-
expression of NF-M with the D1 receptor resulted in a decrease in both expression
and function of the receptor in heterologous cell lines. The other subtypes were not
affected by NF-M expression in the same system. NF-M also appears to play a role
in D1 DAR trafficking and desensitization. When NF-M is expressed with the D1
DAR in cells there is a decrease in cell surface expression and apparent accumula-
tion of the receptor in the cytosol. Interestingly, the D1 DARs expressed at the cell
surface in the presence of NF-M were resistant to agonist-induced desensitization.
These findings indicate that this interaction may play a critical role in both recep-
tor expression and desensitization [35]. The D1 DAR–NF-M interaction has also
been investigated in vivo where approximately 50% of medium-sized striatal neu-
rons express both proteins. Co-localization was also observed in pyramidal cells and
interneurons within the frontal cortex. In addition, when NF-M-deficient mice were
examined via immunohistochemistry, it was determined that they showed a decrease
in D1 receptor expression as compared to control mice. These data support a role
for NF-M in the brain modifying D1 DAR expression and regulation [35]. NF-M is
encoded by the NEF3 gene. Point mutations in the NEF3 gene have been identified
in patients with Parkinson’s disease, however, no association of these variants and
the disease has been shown [36]. Of note, when a clinical antipsychotic response
study was conducted in schizophrenic patients, it was found that patients carrying
specific genetic variants of NEF3 may be more likely to respond early to treatment
than those not carrying the variants [37]. These findings demonstrate some potential
clinical aspects of the importance of this DRIP.

9.4.1.5 Dynamin-2

It is well established that many GPCRs are desensitized and internalized via the
arrestin–clathrin pathway. One of the key players in this pathway is the protein
dynamin. In addition to its role in the clathrin endocytic pathway, dynamin can
also assist with internalization of GPCRs via caveolae and in late-endosomal traf-
ficking [38, 39]. Because of its important role in GPCR trafficking, dynamin was
investigated as a potential interactor with the D2 DAR. The D2 DAR and dynamin-2
were found to co-localize in both synaptic and non-synaptic regions of rat stria-
tum and could be co-immunoprecipitated from transfected cells [40]. Interestingly,
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only the dominant negative dynamin-2 construct prevented D2 DAR internalization;
the dominant negative dynamin-1 construct did not alter D2 internalization. This
is in contrast to findings with the D1 DAR, where both dynamin-1 and dynamin-2
were found to associate with and contribute to receptor internalization [40]. These
findings highlight the critical role of dynamin-2 in D2 DAR internalization. The dif-
ference in dynamin requirements for the D2 versus the D1 DAR may be mediated
by the cellular location of protein expression, or may be caused by differences in
protein interaction domains between the receptors. It is also interesting to note that
dynamin isoforms can dimerize, and this dimerization process may be critical to
DAR–dynamin pairing. It is possible that interaction of DARs with dynamin is not
only necessary for receptor internalization and trafficking, but also serves to scaffold
the receptor to other members of the DAR signalplex.

9.4.1.6 GAIP-Interacting Protein, C Terminus

GAIP-interacting protein C terminus (GIPC) was first identified as an interacting
protein with RGS19 (regulator of G protein signaling 19) or GAIP [41]; GAIP
specifically acts as a GTPase for Gαi/o G proteins and has been shown to interact
with D2 DARs (Section 9.4.3.9). GIPC also interacts with other membrane-spanning
receptors [42, 43] and transporters [44] and has been hypothesized to play a role in
receptor expression, trafficking, and G protein signaling. Using the carboxyl termi-
nus of the D3 DAR as bait in yeast two-hybrid assays, GIPC was identified as a
DRIP [7]. Interestingly, GIPC was found to interact with the D2 and D3 receptors,
but not with the D4 DAR, both in vitro and in rat striatum. In a transfected cell
system, the D2 and D3 DARs caused translocation of GIPC to the plasma mem-
brane and GIPC was co-internalized with the DARs following agonist treatment;
the D4 DAR neither recruited nor co-internalized with GIPC. In addition to its role
in D2 and D3 DAR internalization, GIPC was also found to diminish the D3 recep-
tor response; this is likely caused by GIPC recruiting GAIP to the signaling form of
the receptor. Finally, GIPC increased the number of D2 and D3, but not D4, binding
sites in transfected cells. This is likely the result of an increase in receptor recycling,
as opposed to DAR degradation, following co-internalization with GIPC. The vari-
ance observed in GIPC-D2 family interactions implies that differences in D2 DAR
internalization kinetics may be produced by a different complement of trafficking
DRIPs associated with each receptor. Taken together, these data suggest that GIPC
plays a role in trafficking of the D2 and D3 DARs via internalization and recycling
of the receptors to the plasma membrane. These results also implicate GIPC as a
scaffolding protein because of its known ability to recruit GAIP (discussed below in
signaling proteins, Section 9.4.3) and other membrane-bound receptors.

9.4.1.7 N-Ethylmaleimide-Sensitive Factor

N-Ethylmaleimide-sensitive factor (NSF) is an ATPase shown to be involved in
membrane vesicle trafficking [45]. This protein has also been found to interact with
the β2 adrenergic receptor where it is likely involved in both internalization and



234 L.A. Hazelwood et al.

recycling of the receptor [46]. NSF has also been identified via GST pull-down
assays to be a DAR DRIP. It binds tightly to both the D1 and D5 receptor’s carboxyl
termini, but was reported to bind weakly to D2-like receptors [47]. Regardless, it
is likely that NSF also affects trafficking and recycling of these DARs. Despite
the reportedly weak interaction in GST pull-down assays between NSF and the D2
DARs, co-immunoprecipitation from solubilized rat hippocampal tissue documents
that D2 DARs and NSF do, in fact, form a complex [48]. Interestingly, when the
interaction sites were mapped using GST-pull-down assays, the NSF interaction site
identified on the D2 DAR is the same site that mediates the receptor’s interaction
with the AMPA receptor (see Section 9.4.4.5). It has been further proposed that,
in fact, NSF mediates the interaction of the D2 DAR and the AMPA receptor. This
complex appears to play an important role in controlling glutamate-mediated excito-
toxicity. Activation of the D2 receptor results in a decrease in toxicity and this effect
appears to be mediated by the shuttling of NSF between the D2 DAR and the AMPA
receptor [48]. This highlights how a DRIP can potentially mediate other interactions
and demonstrates how two receptors can communicate through common interacting
proteins.

9.4.1.8 Sorting Nexin-1

Sorting nexin-1 (SNX1) was originally found to interact with the epidermal growth
factor receptor and was subsequently shown to be responsible for the efficient tar-
geting of the thrombin receptor, PAR1, from sorting endosomes to lysosomes [49].
SNX1 has also been found to bind strongly to the carboxyl terminus of the D5
DAR and weakly to the D1 and D3 DAR [47]. The overall importance of the DAR
interactions with sorting nexin proteins continues to be investigated.

9.4.1.9 G Protein-Coupled Receptor-Associated Sorting Protein

The DRIP, G protein-coupled receptor-associated sorting protein (GASP), was first
discovered as an interactor with the δ-opioid receptor [50]. Because the D2 receptor,
like the δ-opioid receptor, can be down-regulated in response to agonist treat-
ment, the ability of GASP to interact with the D2 DAR was also investigated [6].
Interestingly, the D1 DAR has not been consistently shown to down-regulate in
response to agonist. As such, GASP was found to interact with the carboxyl ter-
minus of the D2 but not the D1 DAR [6, 51]. This D2–GASP interaction occurred
in both transfected cell lines and endogenously in the rat brain. Both a dominant
negative form of GASP and an antibody against GASP prevented degradation of
D2 DARs, but had no impact on desensitization or internalization of the recep-
tor. This supports the hypothesis that GASP is solely involved in sorting the D2
DARs to a degradative pathway, but not in desensitizing or internalizing the recep-
tor. In fact, examination of neurons from the rat ventral tegmental area revealed
that treatment with the GASP antibody prevented receptor degradation, and allowed
desensitization and internalization, followed by resensitization and recovery of D2
DAR response to agonist [6]. This successful manipulation of the GASP–D2 DAR
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interaction provides insight into potential therapeutic utility for selective blockade
of GASP–D2 interactions in addiction and other disorders where recovery of the D2
DAR response to agonist is critical.

9.4.2 Anchoring, Scaffolding, and Adaptor Proteins

DRIPs in this category may associate with the cytoskeletal architecture. Often, this
cytoskeletal association occurs via binding to actin, and functions to assist with
anchoring of the DAR to the plasma membrane and DAR retention at the cell
surface. Such DRIPs may also act to retain the DAR within discrete membrane
microdomains. DRIPs in this category may also contain multiple protein-binding
domains. DRIPs with multiple interaction sites can associate with the DAR and
recruit other DRIPs and DRAPS to the signalplex, thus acting as an adaptor or scaf-
fold protein between the DAR and its interactors. Finally, it is possible for proteins
in this category to serve both purposes – they may tether the DAR to the cell surface
and simultaneously scaffold the DAR to other DRIPs and signaling machinery.

9.4.2.1 Filamin-A

Filamin-A was initially termed actin-binding protein 280 and was discovered as a
DRIP with the D2 DAR [52]. The interaction between filamin-A and the D2 DAR
was found to occur on the third intracellular loop of the D2 DAR by yeast two-hybrid
analysis. It was subsequently determined that filamin-A can interact with both the
D2 and the D3 DARs, but not with the D1 or D4 DARs [52–54]. Transfection of
D2 DARs into cells without endogenous filamin-A revealed both an intracellular
and a diffuse membrane-bound distribution of the DAR [52, 54]. Upon transfection
of filamin-A into these cells, DAR expression became localized to discrete regions
of the plasma membrane, and the intracellular stores of DAR were eliminated [52,
54]. These data indicate that filamin-A is important for anchoring the DAR to the
plasma membrane, and that it may play a critical role in tethering the DAR to spe-
cific membrane microdomains. It is interesting that while many GPCRs require
membrane-anchoring by an actin-binding protein, a single actin-binding protein is
not capable of interacting with all DARs, even within the D2 family of receptors. It
may be that the ability to interact with specific anchoring proteins is based on sim-
ilar distributions and co-localization. Of note, D2 DAR and filamin-A were found
to co-localize in neuronal soma and astrocytes from cultured rat striatum [54]. In
brain regions where all members of the D2 DAR family are expressed, there may be
a single actin-associated protein which is able to interact with all receptors.

9.4.2.2 Protein 4.1 N

Protein 4.1 N was identified as a DRIP for D2 and D3 DARs using the yeast two-
hybrid assay with the third intracellular loop of D2 or D3 DARs as bait [55]. The
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interaction between DARs and protein 4.1 N was subsequently confirmed by co-
immunoprecipitation of the two proteins from transfected cells. Protein 4.1 N is
known to interact with actin via an actin-binding domain that is separate from the
region of the protein necessary for DAR interaction. As such, it was determined
that protein 4.1 N and the D2 and D3 DARs co-localize at the plasma membrane of
transfected cells. Importantly, a dominant negative version of 4.1 N caused a largely
intracellular distribution of both D2 and D3 DARs, indicating that DAR interaction
with 4.1 N is critical for receptor stability at the plasma membrane. It is notable that
both protein 4.1 N and filament-A bind to the same region of the third intracellular
loop of D2 and D3 DARs [52–55]. As such, the ability of 4.1 N and filament-A to
compete for DAR binding was assessed. It was determined that the presence of 4.1 N
did not interfere with the binding of filament-A to the DARs [55], indicating that
the binding sites are, in fact, different. It is not presently known if the different DAR
isoforms preferentially bind to either filament-A or 4.1 N for membrane-retention,
or if there are alterations in DAR interactions with these DRIPs across various cell
types.

9.4.2.3 Spinophilin

Using the third intracellular loop of the D2 DAR as bait, spinophilin was identified as
a DRIP in a yeast two-hybrid screen [4]. The interaction between D2 and spinophilin
was confirmed by co-immunoprecipitation and co-localization studies in transfected
cells. Spinophilin is an actin-binding protein with multiple interaction domains for
protein binding. It is has been shown to interact with a variety of other proteins,
including protein phosphatase 1 (PP1). In fact, experiments revealed that spinophilin
can simultaneously bind both D2 DAR and PP1, indicating that PP1 may also be a
part of the D2 DAR signalplex. Spinophilin serves as a membrane anchor for the D2
DAR, and most likely performs the important function of scaffolding a variety of
other protein partners to the D2 signalplex in a time- and cell-dependent manner.

9.4.2.4 Radixin

Radixin belongs to the ERM (ezrin, radixin, moerin) family of proteins and is
capable of simultaneously binding actin and interacting proteins [56]. Radixin was
discovered as a D3 DAR DRIP by yeast two-hybrid assay and was found to interact
with the D3 DAR carboxyl terminus [57]. The cellular role of radixin with the D3
DAR is not presently known, but it likely acts as both a membrane anchoring protein
and a scaffold to other members of the D3 DAR signalplex.

9.4.2.5 Multi-PDZ-Domain-Containing Protein 1

Multi-PDZ-domain-containing protein 1, or MUPP1, is a scaffolding protein con-
sisting of 13 protein-binding PDZ-domains. It has been shown to interact with a
variety of other proteins, including the serotonin 5-HT2C receptor [58, 59]. Recently,
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it was identified by yeast two-hybrid assay as an interactor with the carboxyl termi-
nus of the D3 DAR [57]. The precise function or localization of this interaction has
not yet been determined, but MUPP1 most likely serves as a scaffold between the
D3 DAR and other proteins in the DAR signalplex.

9.4.2.6 Heart-Type Fatty Acid Binding Protein

Heart-type fatty acid binding protein (H-FABP) is expressed in a variety of tissues,
including heart, kidney, and brain [60]; it is known to bind and traffic fatty acids
and other hydrophobic ligands [61]. H-FABP was identified as a DRIP using the
third intracellular loop of the D2L receptor as bait in yeast two-hybrid screens [62].
Interestingly, H-FABP did not co-localize with or interact with the D2S receptor in
co-immunoprecipitation assays. Of note, Takeuchi and Fukunaga demonstrated that
the D2L isoform was predominantly intracellularly distributed, while the D2S iso-
form was localized to the plasma membrane in a transfected cell system. Although
this study indicates that H-FABP is important for differential D2 DAR isoform dis-
tribution, it is also plausible that, given H-FABPs known role in fatty acid binding, it
is significant in D2-mediated arachidonic acid signaling. While the role of H-FABP
in the D2 DAR signalplex has not been defined, DRIPs that interact with the variable
region of the D2 DARs third intracellular loop may determine subtle differences in
localization or functionality between these two receptors.

9.4.2.7 Caveolin-1

Caveolae are subtypes of lipid rafts that exist as distinct invaginations in the plasma
membrane. This dynamic structure is thought to play a role in cell-surface signal-
ing, possibly by forming a signaling platform for the integration of various signaling
molecules. The caveolin proteins are found only in caveolae, and form a scaffolding
complex that binds to a large number of receptors, signaling molecules, and adaptor
proteins [63]. It was initially found that the D1 DAR contains a caveolin-1 binding
motif in the seventh transmembrane domain, thereby implying a role in D1 DAR
function and piquing interest in the study of this protein as a potential DRIP [64].
Subsequent studies determined that caveolin-1 and the D1 DAR are localized in the
same caveolae-related lipid raft domains. Co-immunoprecipitation assays from both
heterologous cell lines and rat brain, as well as BRET studies in transfected cell
lines, verified the direct nature of the interaction. It was subsequently determined
that agonist-induced internalization through caveolae was dependent upon the direct
interaction of the D1 DAR and caveolin-1. When the caveolin-1 binding domains
were mutated in the D1 DAR, the receptor failed to internalize. Furthermore, this
interaction with caveolin-1 also appears to be important for signal transduction as a
mutated D1 DAR lacking the caveolin-1 binding domain also showed diminished
ability to stimulate cAMP production [64]. Taken together, these findings indi-
cate that the caveolin-1–D1 DAR interaction may have important implications for
regulation and signaling by dopamine in the brain.
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9.4.2.8 Arrestin

Arrestin proteins directly interact with DARs to mediate signal termination and
internalization of the receptors, as well as to propagate alternate signaling pathways.
Using GST-fusion protein pull-down assays, it was determined that arrestin2 and
arrestin3, isolated from striatal homogenates, could bind to the third cytoplasmic
loop of the D2 DAR [65]. Similar experiments also showed that purified arrestin2
and arrestin3 could bind to the second and third cytoplasmic loops as well as the
carboxyl terminus of the D2 DAR [65]. Furthermore, the D2 DAR was shown to
co-immunoprecipitate with both arrestin2 and arrestin3 solubilized from neostriatal
membranes [65]. Direct interactions between the D1 DAR and arrestins have also
been characterized. Both arrestin2 and arrestin3 interact (demonstrated using both
GST-fusion protein and co-immunoprecipitation assays) with the carboxyl terminus
of the D1 receptor in striatal membranes, with arrestin3 binding more strongly [66].

Recently, arrestin has also been demonstrated to act as a scaffold between the
D2 family of DARs and regulation of the Akt signaling pathway [28]. Akt is a ser-
ine/threonine kinase that negatively regulates glycogen synthase kinase 3 (GSK3)
and has been shown to be regulated by dopamine [67, 68]. Arrestin has been found to
scaffold other GPCRs to G protein-independent signaling pathways that are slower
than traditional G protein-mediated signaling pathways [69, 70]. Arrestin3 knock-
out mice were thus employed to investigate the role of arrestin-scaffolded signaling
in dopaminergic pathways [28], Experiments in mice lacking arrestin3 revealed that
amphetamine-induced phosphorylation of Akt was greatly diminished in knockout
mice as compared to wild-type littermates [28]. However, knockout versus wild-type
mice exhibited no alterations in the phosphorylation of DARPP-32, a downstream
target of the cAMP pathway. Using GST-pull-down assays, it was determined that
Akt, arrestin3, GSK3, and protein phosphatase 2A can all interact [28]. The forma-
tion of this complex was also found to occur in vivo and was regulated by dopamine
levels. Taken together, these data implicate arrestin3 as the scaffold necessary for
linking the D2 DAR with the Akt/GSK3 signaling pathway.

9.4.3 Signaling Proteins

This category of DRIPs contains the most classical DAR interactors – members of
the downstream signaling cascade. Such DRIPs include all manner of signal ini-
tiators and propagators, from the traditional G proteins (discussed in Chapter 6)
to the more recently discovered signaling proteins – calcium-sensing molecules
and arrestin. In addition, this class of proteins also includes signal terminators,
such as RGS proteins and kinases (see Chapter 8). To achieve maximal effi-
ciency in signaling, it is important for the DARs to be near the machinery within
their respective signaling cascades. As such, it has been demonstrated that several
of the proteins in this category are scaffolded in close proximity to the recep-
tor, and then recruited to the DAR when necessary by the DRIPs discussed in
Section 9.4.2.
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9.4.3.1 Calcium-Dependent Activator Protein for Secretion 1

Calcium-dependent activator protein for secretion 1, or CAPS1, is a calcium-
triggered protein that assists in fusion and release of large dense-core vesicles
(LDCV) to the plasma membrane [71]. LDCVs can package neurotransmitters,
including dopamine, and are present along with CAPS1 and 2 in several cell
lines. CAPS1 was discovered as a DRIP using the second intracellular loop of
the D2 dopamine receptor in yeast two-hybrid screens and was verified using co-
immunoprecipitation assays [72]. Further investigation revealed that a serine within
this second intracellular loop was necessary for CAPS1 binding, indicating a possi-
ble phosphorylation event that mediates D2–CAPS1 interaction. Interestingly, no
other DARs were found to interact with CAPS1, but D2 DARs could also bind
the closely related protein, CAPS2. CAPS1, CAPS2, and the D2 DAR are all
endogenously expressed, and co-localize, in rat pheochromocytoma PC12 cells.
Transfecting PC12 cells with a truncated version of the D2 receptor disrupted the
D2–CAPS interaction, thus allowing investigation of the importance of this DRIP
in a D2-specific manner. Significantly, disrupting the D2–CAPS association caused
a specific decrease in K+-evoked dopamine release from PC12 cells, without alter-
ing release of any other neurotransmitters [72]. This implies that CAPS binding to
the D2 DAR or other GPCRs confers specific information regarding synaptic neu-
rotransmitter requirements and may promote or delay LDCV fusion and exocytosis
in a neurotransmitter-dependent fashion.

9.4.3.2 Neuronal Calcium Sensor-1

The neuronal calcium sensor (NCS) proteins are a family of EF-hand calcium-
binding proteins that are highly evolutionarily conserved and bind calcium with
high affinity [73]; within this grouping, NCS-1 belongs to the recoverin subfam-
ily [73]. NCS-1 has been shown to regulate channel activity and, interestingly,
recoverin can modulate GRK phosphorylation of rhodopsin [74]. Using the car-
boxyl terminus of the D2 DAR as bait in a yeast two-hybrid assay, NCS-1 was
identified as a DRIP [75]. Further investigation revealed that the D3 and D5 DARs
could also interact with NCS-1, but not the closely related D1 or D4 DARs [75].
Although the significance of these selective interactions is not yet understood, it
could be related to physiological distribution of the DARs and NCS-1. Investigations
of the striatum revealed co-localization of NCS-1 and D2 DAR. In a transfected
cell system, NCS-1 overexpression was found to decrease the level of D2 phos-
phorylation and internalization, even in the presence of GRK overexpression. This
decrease in D2 DAR phosphorylation and internalization was accompanied by a
parallel increase in D2 signaling. These data imply that NCS-1 can modulate the
GRK phosphorylation-dependent desensitization of D2 DARs. Indeed, all three
proteins – D2 DAR, GRK2, and NCS-1 – could be co-immunoprecipitated from
transfected cells [75]. Moreover, the formation of this protein complex was regu-
lated by forskolin-induced increases in cAMP and by increased Ca2+ concentration,
highlighting the potential significance of this complex in neuronal signaling and
receptor regulation.
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9.4.3.3 S100B

S100B is a member of the diverse S100 family of proteins that bind calcium via two
EF-hand domains [76]. S100 proteins have been implicated in an array of cellular
processes, including regulation of protein phosphorylation and Ca2+ homeostasis;
S100B has been shown to interact with and modulate the function of more than 20
other cellular proteins [76]. Recently, S100B was identified as a DRIP using the
third intracellular loop of the D2 DAR in a bacterial two-hybrid screen [19]. S100B
was capable of interacting with the D2, but not with the D3 DAR, implicating a
unique region of the D2 third intracellular loop as the putative binding domain for
S100B. The D2 DAR and S100B could be co-immunoprecipitated from transfected
cells or from striatum, and the two proteins were found to co-localize in neostriatal
neurons. When S100B was overexpressed in transfected cells, D2 DAR-stimulated
ERK activation and D2 DAR-mediated cAMP inhibition were both enhanced. These
results imply that S100B can act as a D2 DAR DRIP to augment the dopamine-
stimulated D2 DAR signaling response. Whether S100B produces this effect alone
or as a dimer, scaffolding the DAR to another protein, is not yet known.

9.4.3.4 Calcineurin

Immunoprecipitation experiments have shown that protein phophatase 2B, also
known as calcineurin, is a DRIP of the dopamine D1 DAR [5]. It has become appar-
ent (see Chapter 8) that phosphorylation and dephosphorylation play an essential
role in the regulation of many aspects of DAR signaling, especially desensitiza-
tion and resensitization as well as trafficking. Calcineurin has been linked to the
dephosphorylation of a large number of proteins in the D1 DAR signaling pathway,
although its role in dephosphorylation of the D1 DAR remains unclear [77]. These
data indicate that, in addition to mediating signaling for the D1 DAR, calcineurin is
also physically linked to the receptor – thus making it a DRIP.

9.4.3.5 Calmodulin

Calmodulin [17] is a small protein that, upon calcium binding, undergoes large con-
formational changes that enable protein binding [78]. A CaM-binding motif in the
third intracellular loop of the D2 DAR led to the discovery that CaM is a DRIP [79].
CaM was able to bind either solubilized D2 DAR [79] or to co-immunoprecipitate
from transfected cells with the D2 DAR [80], and agonist treatment increased the
co-localization of D2 and CaM in transfected cells or primary neuronal cultures
[80]. Moreover, it was determined that the D2 DAR could interact with CaM and
the Gαi1 G protein simultaneously, indicating that there is no competition for bind-
ing between these two proteins [79]. Furthermore, addition of Ca2+/CaM, but not
Ca2+ alone, to Ca2+/CaM-depleted cells caused a decrease in G protein turnover
[79]. These data indicate that CaM binding to the D2 DAR can act to inhibit the
receptor signal. Subsequent studies have shown that mutating the D2 DAR residues
required for CaM binding decreases D2–CaM interactions without altering D2-G
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protein binding [80]. However, this CaM-binding mutation does cause a decrease in
D2-mediated cAMP and ERK signaling [80]. The conflicting results between these
two groups may be explained by the role of other calcium-sensing DRIPs in recep-
tor signaling and should be further investigated to determine the precise function of
CaM–D2 interactions.

9.4.3.6 Prostate Apoptosis Response 4

Prostate apoptosis response 4 (Par-4) was identified as a DRIP by yeast two-hybrid
analysis using the D2 DAR third intracellular loop as bait [21]. The D3 DAR and all
other GPCRs tested did not interact with Par-4. Par-4 is expressed in neurons and
other tissues, though its role in these regions is unclear, and it contains a leucine
zipper domain that is critical for interacting with the D2 DAR [21]. The D2–Par-4
interaction was verified by co-immunoprecipitation and co-localization in striatum.
Silencing Par-4 expression by siRNA caused a decrease in D2-mediated signaling
in transfected cells. To examine the effect of disrupting this protein interaction in
living animals, the D2-binding leucine zipper domain of Par-4 was mutated and
transgenic mice expressing this mutated Par-4 gene were generated. Cultured cells
from these mice displayed elevated levels of cAMP after dopamine treatment, sug-
gesting a loss of D2 DAR signaling. These mice were also more prone to depressive
behaviors as assessed by both Porsolt’s forced swim test and the tail suspension
test, with no alteration in anxiety-like behaviors [21]. These data present a possible
role for Par-4 in the brain, and for the importance of Par-4–D2 DAR interactions in
neurological disorders. Of note, it was also determined that Par-4 and calmodulin
compete for binding in the same region of the D2 DAR third intracellular loop [21].
This implies that disrupting the Par-4–D2 DAR interaction may have an appreciable
impact on the association of D2 DARs with other DRIPs, including calmodulin, and
that the consequences of Par-4 inhibition may be due to other proteins interacting
with D2 DAR.

9.4.3.7 Post-synaptic Density 95

Ultrastructural studies have demonstrated that many D1 DARs are located in the
post-synaptic density of neurons. Post-synaptic density 95 (PSD-95) is a scaffold-
ing protein that is highly enriched in post-synaptic densities and is a member of the
guanylate kinase family. This complex protein contains several important domains
that have been shown to be involved in its interaction with a number of different part-
ners, most notably the NMDA receptor. Via these interactions, PSD-95 organizes
proteins into functional signaling complexes in the PSD [81]. It has subsequently
been appreciated that PSD-95 may also play an important role in dopaminergic sig-
naling. PSD-95 directly interacts with the D1 DAR thorough the amino terminus of
PSD-95 and the carboxyl terminus of the D1 DAR [82]. It was first determined that
the two proteins interacted via co-immunoprecipitation assays which utilized both
recombinant cell lines and mice (both wild-type and PSD-95 knockout mice). This
interaction was then confirmed by localization studies using confocal microscopy
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and the interaction sites were subsequently determined using GST pull-down assays
and specific domain probes [83]. PSD-95 is able to regulate surface expression, and
therefore subsequent signaling, by inducing agonist-independent internalization of
D1 DARs that are otherwise located on the plasma membrane. This provides an
interesting mechanism by which localization and signaling is regulated by a DRIP
in a cellular compartment – in this case the PSD. It has further been determined that
mice lacking PSD-95 show enhanced effects of D1 agonist treatment, indicating a
functional significance to this protein–protein interaction that is possibly related to
drugs of abuse [83].

9.4.3.8 Protein Kinases

In addition to serving as second messenger molecules, cAMP-dependent protein
kinase (PKA) and protein kinase C (PKC) have both been shown to phosphory-
late the DARs [77, 84, 85]. The DARs are also regulated by GPCR kinase (GRK)
phosphorylation, particularly by GRKs 2, 3, 4, and 6 [86–89]. Phosphorylation of
DARs is thought to uncouple the receptors from G proteins and to facilitate the
recruitment of trafficking/scaffolding proteins, such as arrestins, that are necessary
for receptor internalization. In addition to their role in DAR trafficking and signal
termination, kinases can also regulate the binding sites for DRIPs and DAR inser-
tion at the plasma membrane. The details of DAR phosphorylation and, therefore,
interaction with protein kinases, has been detailed elsewhere in this volume and
extensively reviewed in the literature [90, 91].

9.4.3.9 Protein Kinase C-ζ-Interacting Protein 1

Protein kinase C-ζ-interacting protein 1 (ZIP1) was identified as a DRIP in yeast
two-hybrid screens using the third intracellular loop of the D2 DAR as the bait pro-
tein [92]. Subsequent yeast two-hybrid assays revealed that ZIP1 does not interact
with any other D2 or D1-family DARs. The D2 DAR–ZIP1 interaction was verified
by co-immunoprecipitation from both transfected cells and mouse brain. Of note,
ZIP1 transfection caused a decrease in D2 DAR expression and signaling in mam-
malian cells. This was apparently caused by an increase in lysosomal trafficking
of D2 DARs following ZIP1 overexpression. Interestingly, there was no alteration
in PKCζ phosphorylation of D2 DAR following ZIP1 overexpression, and the D2
DAR was found to interact with the PKCζ-interaction domain of ZIP1 [92]. These
data imply that, while there is a D2 DAR-ZIP1 interaction, a D2 DAR-ZIP1-PKCζ

complex is not likely to form.

9.4.3.10 Regulator of G Protein Signaling 19

GAIP, or regulator of G protein signaling 19 (RGS19), specifically acts as a GTPase
for Gαi/o G proteins, and has been shown to interact with GIPC [41]. Because
GIPC was previously identified as a DRIP for both D2 and D3 receptors ([7];
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Section 9.4.1.6), the possibility that GAIP was also a member of the DAR sig-
nalplex was investigated [93]. GAIP, GIPC, and the D2 DAR were all found to
co-immunoprecipitate from transfected cells. Furthermore, GAIP was found to
co-localize with activated D2 DARs in a GIPC-dependent manner. Importantly,
recruitment of GAIP to activated D2 DARs was shown to attenuate the D2 DAR
signal. When the GAIP GTPase domain was mutated, GAIP could still translocate
to active D2 DARs, but could not diminish the D2 DAR signal. However, disrupt-
ing the interaction between GAIP and GIPC prevented translocation of GAIP to D2
DARs. These data indicate that GAIP is recruited to the D2 signalplex by GIPC
which is both a trafficking and a scaffolding protein for the D2 DAR. Once recruited
to the signalplex, GAIP attenuates the D2 signaling response via its GTPase activity.

9.4.4 Ion Channels and Pumps

It has long been accepted that the DARs can modulate the function of a variety of
voltage- and ligand-gated ion channels. In recent years, several of these ion channels
have been shown to associate directly with the DAR, allowing for rapid adjust-
ments in cellular ionic balance by the DAR-activated signalplex. In addition to the
interaction between DARs and ion channels, ATP-driven ionic pumps have also
been shown to associate with the DARs. The ionic pumps are responsible for main-
taining resting membrane potentials and normal ionic balance within cells. DARs
are important regulators of neuronal excitability, and the association of DARs with
ion channels and pumps is likely critical for appropriate ionic response to stimulus
and recovery from events such as DAR-stimulated membrane depolarization. Their
interaction with DARs allows ion channels and pumps to receive efficient signal
cross talk from DARs, and also raises the interesting possibility of a more direct
method of modulating ion channel function via DAR conformational changes.

9.4.4.1 Chloride Intracellular Channel 6

CLIC6, a member of the chloride intracellular channel family, was found to interact
with the carboxyl terminus of the D3 receptor through a yeast two-hybrid screen
[57]. Little is known about the function of CLIC6, but the CLIC family has been
implicated in the subcellular transport of chloride ions. In addition to interacting
with the D3 receptor, CLIC6 was also able to bind the carboxyl terminus of D2
and D4 DARs in yeast two-hybrid screens, and to co-localize with the D3 DAR in
transfected cells. Moreover, CLIC6 was also found to interact with the scaffolding
proteins MUPP1 and radixin, raising the possibility of these three DRIPs scaffolding
together within the DAR signalplex. Unfortunately, co-expression of the D3 DAR
with CLIC6 revealed no effect on chloride transport or D3 function, therefore the
role of CLIC6 in the DAR signalplex remains unclear. It is possible that the sig-
nificance of CLIC6 is cell-type specific, and analysis of other cell lines or primary
tissues will reveal a function for this DRIP.
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9.4.4.2 Transient Receptor Potential Channel 1

Transient receptor potential channel 1 (TRPC1) was found to interact with the D2
dopamine receptor by yeast two-hybrid analysis [26]. TRPC proteins have been
shown to mediate Na+ and Ca2+ entry, phospholipase C signaling, and lipid raft
integrity [94]. TRPC proteins can also homo- or heterodimerize, with TRPC1 com-
monly forming heterodimers with TRPC4 and 5 [95]. As such, the ability of D2
DARs to interact with TRPC4 and 5 was also evaluated, and it was determined that
these two TRPC proteins are also DRIPs. The D2–TRPC1 protein complex could be
co-immunoprecipitated from rat brain and the two proteins were also found to co-
localize in post-synaptic compartments of cortical neurons. Examination of human
embryonic kidney cells that endogenously express TRPC1 revealed that D2 DAR
transfection caused an increase in plasma membrane expression of the TRPC1 pro-
tein, with no change in the total expression level of TRPC1. While the precise role
of TRPC1 in the D2 signalplex is unclear, it appears that D2 expression is important
for membrane expression of the TRP channel.

9.4.4.3 G Protein-Activated Inwardly Rectifying Potassium Channels

Dopamine receptors are known to regulate the activity of G protein-activated
inwardly rectifying potassium channels (GIRKs or Kir3 [96]), likely via Gβγ activ-
ity. Based on the presence of G proteins and other effector molecules in various
GPCR signalplexes, the presence of GIRKs in the DAR signalplex was investigated
[23]. In these experiments, GIRK was found to co-immunoprecipitate with both
D2 and D4 DARs from transfected cells and rat striatum. Agonist treatment and
pertussis toxin treatment both had no effect on the DAR–GIRK interaction, indicat-
ing that the association was stable and not dependent upon the signaling cascade.
Interestingly, the assembly of the DAR–GIRK complex was dependent upon the
presence of Gβγ, but once assembled, the complex did not require Gβγ for main-
tained stability. It is likely that close association with GIRKs and other effectors
enables rapid communication following agonist stimulation of the DARs.

9.4.4.4 Na+,K+-ATPase

The Na+,K+-ATPase (NKA, sodium pump) is a ubiquitous protein important for
regulation of cellular ion balance. In the brain, NKA is critical in restoring neuronal
polarity after membrane depolarization events. Dopamine signaling cascades have
previously been shown to regulate the vesicular insertion or endocytosis of NKA at
the plasma membrane [97, 98]. Recently, however, using mass spectroscopy cou-
pled with co-immunoprecipitation from DAR-transfected cells, endogenous NKA
was found to interact with both the D1 and D2 DARs [20]; the NKA-D2 DAR inter-
action was also verified by co-immunoprecipitation of native proteins from striatum.
Enhancing the association of NKA with DARs caused a decrease in both D1 and D2
DAR function. This could be reversed by pharmacological blockade of NKA, or by
diminishing the NKA–DAR interaction via siRNA inhibition of NKA. The DARs
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were also found to modulate NKA activity, even in the absence of ligand. This novel
association of NKA with DARs in the signalplex allows for conformational changes
in the proteins for exchange of cellular information, providing a more direct and
rapid means of communication than traditional signaling pathways and allowing for
reciprocal modulation of function between the two proteins in response to cellular
stimuli.

9.4.4.5 AMPA Receptors

AMPA receptors are ligand-gated ion channels that are regulated via down-
stream second messenger signaling pathways stimulated through GPCRs [99, 100].
However, recent studies have revealed additional mechanisms of cross talk between
AMPA receptors and GPCRs – specifically an interaction of the AMPA receptor
with the D2 DAR. This interaction presents a unique story of how DAR signalplex
members can regulate one another via multiple mechanisms resulting in a complex
regulatory paradigm between signaling systems. While data from in vitro binding
assays suggest that the D2 DAR and the AMPA receptor may not directly inter-
act, they certainly form a protein complex that is mediated by the GluR2 subunit
and the third intracellular loop of the D2 DAR [48]. Co-immunoprecipitation and
GST-fusion pull-down assays both indicate that the D2 DAR and the AMPA recep-
tor form a complex. Interestingly, NSF (see Section 9.4.1.7) interacts with both
the D2 DAR and the GluR2 subunits implicating it as the possible accessory pro-
tein in this D2 DAR–AMPA interaction. There is considerable evidence that D2
DAR receptors can modulate AMPA receptor-mediated neurotoxicity [101]. The
mechanism for this physiological effect may partially involve the protein–protein
coupling of these two systems as outlined above. It has been proposed that ago-
nist stimulation of D2 DARs promotes the formation of protein–protein interactions
between the D2 DAR and NSF, while at the same time uncoupling NSF from
the carboxyl-terminal tail of the GluR2 subunit of the AMPA receptor, thereby
resulting in a decrease in AMPA receptor membrane expression and subsequent
inhibition of AMPA-mediated neurotoxicity. These findings demonstrate the impor-
tance of the D2 DAR-NSF-AMPA interaction and show how a member of the
D2 DAR signalplex can regulate other receptors through a common interacting
protein [48].

9.4.4.6 NMDA Receptors

The NMDA receptor complex has become a primary target for CNS drug develop-
ment. Dopamine and glutamate are known to extensively interact in several brain
areas and to regulate a number of physiological functions including attention, work-
ing memory, and positive reinforcement. Evidence continues to mount connecting
these two signaling pathways in several pathologies including Parkinson’s dis-
ease and schizophrenia. While different mechanisms are probably important in the
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interaction of these pathways, including second messenger-mediated phosphoryla-
tion of the NMDA receptor by D1 DAR activation and coordinated regulation of
receptor trafficking, the D1 DAR–NMDA receptor interaction makes the NMDA
receptor an important member of the DAR signalplex. The direct interaction of
the D1 DAR and NMDA receptor has been reported in the striatum and hip-
pocampus and has been shown to influence both signaling and trafficking of both
receptors [24, 102, 103]. These direct interactions were primarily shown using co-
immunoprecipitation experiments from various areas of the brain, including striatal
PSDs. This interaction has been further characterized by using heterologous cell
lines and fusion pull-down assays which demonstrated that both the NR1 and the
NR2a subunits of the NMDA receptor interact directly with the D1 DAR through
the carboxyl-terminal domains. Two separate domains in the D1 DAR’s carboxyl
terminus mediate the direct interaction with the two different NMDA receptor sub-
units. The direct nature of this interaction (in an attempt to rule out the possibility
of linker proteins) was investigated using BRET assays. These assays confirmed
the direct interactions between the D1 DAR and the two NMDA receptor subunits
while also determining that the D1 DAR does not interact with the NR2b subunit
of the NMDA receptor. Furthermore, stimulation of these receptors by dopamine,
glutamate/glycine, or both, failed to change the interaction in any way, indicating
the constitutive nature of this DRIP formation [102]. Functionally, the interac-
tion of D1 DAR with the NR1 subunit has been shown to cause an increase in
trafficking to the membrane, inhibition of dopamine-mediated DAR internaliza-
tion, and the suppression of NMDA-mediated cell death. The D1 DAR interaction
with the NR2A subunit has been demonstrated to cause a decrease in NMDA
currents [24, 102, 103].

9.4.4.7 GABA Receptors

GABA receptors mediate fast inhibitory interneuronal synaptic transmission, and it
is now realized that DARs can influence this system by dramatically regulating sig-
nal strength through a G protein-independent mechanism. This mechanism involves
direct coupling of the DAR to the GABA receptor – making it another member of the
DAR signalplex. This interaction was originally found by using GST fusion proteins
of the D5 DAR in rat hippocampal membranes to pull down the GABA receptor.
This was subsequently verified via co-immunoprecipitation assays using specific
antibodies [104]. This direct interaction suggests cross talk between these two sys-
tems. When GABA and D5 DAR receptors were expressed in the same cells, D5
DAR-mediated cAMP accumulation was decreased by GABA receptor stimulation.
Furthermore, whole-cell current measurements of GABA function were decreased
when dopamine was applied to the cells, indicating that dopamine stimulation can
inhibit GABA function [104]. These data provide yet another finding of two distinct
receptor classes that, in addition to being intimately linked via signaling pathways
through second messengers, are also directly interacting in a manner to influence
each other’s physiology.
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9.4.5 Neurotransmitter Transporters and Other GPCRs

Neurotransmitter transporters are located pre-synaptically and are responsible for
clearing excess neurotransmitter from the synaptic cleft. Recent investigations have
revealed an association between DARs and these transporters. It has also recently
been shown that DARs are capable of direct interaction with other GPCRs, includ-
ing other DARs, to form receptor oligomers; the topic of DAR oligomerization is
covered extensively in Chapter 10.

9.4.5.1 Dopamine Transporter

The dopamine transporter (DAT) is located pre-synaptically and facilitates the
re-uptake of synaptic dopamine for degradation or vesicular re-packaging. It is
well documented that the DAT can be regulated by phosphorylation, including
phosphorylation events downstream of DAR activation [105]. Recently, using co-
immunoprecipitation assays, it was shown that the D2 DAR can directly interact
with the DAT [22]. Co-expression of the D2S DAR with DAT enhanced re-uptake of
dopamine. The increase in DAT-mediated dopamine clearance could be blocked by
expressing a peptide that binds to the D2S DAR and prevents its interaction with the
DAT; transfection of this peptide in the absence of D2S DAR had no impact on DAT
function. Interestingly, the observed increase in DAT function was independent of
agonist binding to the D2 DAR, indicating that D2 DAR signaling alone was not
required for the enhanced DAR function. DAT localization was also impacted by
D2 DAR expression – the presence of D2 DAR caused DAT to translocate from a
diffuse intracellular distribution to the cell surface. This DAT translocation could be
reversed by expression of the D2S-DAT blocking peptide. Physiologically, the inter-
action of D2S DAR and DAT would be predicted to enhance clearance of dopamine
from the synapse, and disrupting this interaction would result in hyperlocomotion.
To examine this possibility, the D2S-DAT blocking peptide was administered to
mice. As predicted, the peptide caused a decrease in synaptosomal dopamine uptake
and an increase in activity and rearing behaviors. This direct interaction between
D2S DAR and DAT provides a mechanism for rapid regulation between the two
proteins, and disruption of this interaction clearly impedes normal synaptic function.

9.5 Conclusions

The growing literature identifying and characterizing DAR-interacting proteins has
revealed a great deal of information about the dynamic nature of the DAR sig-
nalplex. The components of the DAR–DRIP complex can vary with time and across
cells and can influence many aspects of DAR and DRIP regulation, including signal-
ing, pharmacology, and desensitization and resensitization/recycling pathways. Not
only does this information about DAR–DRIP interactions reveal previously unap-
preciated aspects of both receptor and cellular regulation, it also provides a unique
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perspective on DAR diversity and a new set of tools to the experimenter for recep-
tor manipulation. In addition, the specificity of DRIP interactions to distinct DAR
isoforms and cell types reveals a new set of therapeutic targets and a new arena for
drug design.

The selective interaction between DRIPs and closely related DARs can provide
investigators with new information about functional differences both across and
within DAR families. Regardless of tissue distribution, it is clear that even within D1
and D2 receptor families not all DARs can interact with each DRIP, thus highlight-
ing a previously unappreciated outcome of sequence variation. Given the ability of
DARs to bind specific DRIPs and the limited distribution of many interactors, it is
likely that physiological receptor location alone does not determine each DAR’s
unique functional properties. Instead, the array of DRIPs within a cell that can
interact uniquely with a DAR isoform shapes the functional role of each receptor.

As illustrated by the DRIPs discussed in this chapter, specific reinforcement
or disruption of DAR–DRIP interactions has already provided useful information
to investigators regarding the mechanism underlying various aspects of recep-
tor regulation and signaling. It may now be possible to exploit the individual
properties of these DAR–DRIP interactions in the treatment of dopaminergic dis-
orders. Indeed, manipulating DAR interactions with GASP, DAT, and Par-4 has
already demonstrated potential therapeutic utility for such manipulations [6, 21, 22].
Many neurological and psychiatric disorders are characterized by abnormalities
in dopaminergic transmission and/or responsiveness to dopaminergic drug ther-
apy, including schizophrenia, Parkinson’s disease, and depression. However, most
of the currently available drug treatments produce adverse side effects that limit
their therapeutic utility. It is possible that the underlying dopaminergic abnormality
involves alterations in a specific DAR–DRIP interaction; indeed, there is evidence
for alterations in the levels of the D2 DRIP, NCS-1, in schizophrenic patients [106].
Manipulating this and other DAR–DRIP interactions may provide a new course
of treatment with more limited side effects – by focusing on a specific, dysfunc-
tional DAR–DRIP interaction, unaffected brain regions under normal dopaminergic
control can be avoided, and undesirable consequences of therapy thus eliminated.

While identifying DRIPs and characterizing the various permutations of the
DAR signalplex is a challenging endeavor, much progress has already been made.
Certainly, the advent of proteomic-based protein identification will expedite the
identification process even further and generate many new DRIP targets for char-
acterization. Elucidating the role of DRIPs in an organ-, region-, and cell-specific
manner will undoubtedly further our understanding of variation in dopaminergic
signaling and provide novel molecular tools, as well as targets for drug design and
therapeutic intervention.

References

1. Kabbani N, Hannan MA, Levenson R. Unraveling the dopamine receptor signalplex by
DRIPs and DRAPs. Curr Proteomics 2005;2(3):209–23.



9 Dopamine Receptor-Interacting Proteins 249

2. Kabbani N, Levenson R. A proteomic approach to receptor signaling: molecular mechanisms
and therapeutic implications derived from discovery of the dopamine D2 receptor signalplex.
Eur J Pharmacol 2007;572(2–3):83–93.

3. Free RB, Hazelwood LA, Cabrera DM, et al. D1 and D2 dopamine receptor expres-
sion is regulated by direct interaction with the chaperone protein calnexin. J Biol Chem
2007;282(29):21285–300.

4. Smith FD, Oxford GS, Milgram SL. Association of the D2 dopamine receptor third cyto-
plasmic loop with spinophilin, a protein phosphatase-1-interacting protein. J Biol Chem
1999;274(28):19894–900.

5. Adlersberg M, Hsiung SC, Glickstein SB, Liu KP, Tamir H, Schmauss C. Regulation
of dopamine D-receptor activation in vivo by protein phosphatase 2B (calcineurin).
J Neurochem 2004;90(4):865–73.

6. Bartlett SE, Enquist J, Hopf FW, et al. Dopamine responsiveness is regulated by targeted
sorting of D2 receptors. Proc Natl Acad Sci USA 2005;102(32):11521–6.

7. Jeanneteau F, Diaz J, Sokoloff P, Griffon N. Interactions of GIPC with dopamine D2, D3 but
not D4 receptors define a novel mode of regulation of G protein-coupled receptors. Mol Biol
Cell 2004;15(2):696–705.

8. Rasmussen SG, Choi HJ, Rosenbaum DM, et al. Crystal structure of the human beta2
adrenergic G-protein-coupled receptor. Nature 2007;450(7168):383–7.

9. Guo W, Urizar E, Kralikova M, et al. Dopamine D2 receptors form higher order oligomers
at physiological expression levels. Embo J 2008;27(17):2293–304.

10. Grefen C, Lalonde S, Obrdlik P. Split-ubiquitin system for identifying protein-protein inter-
actions in membrane and full-length proteins. In: Gerfen C, Holmes A, Rogawski M, Sibley
D, Skolnick P, Wray S, eds. Current Protocols in Neuroscience. Hoboken, NJ: John Wiley &
Sons; 2007.

11. Lentze N, Auerbach D. Membrane-based yeast two-hybrid system to detect protein inter-
actors. In: Coligan JE, Dunn BM, Speicher DW, Wingfield PT, eds. Current Protocols in
Protein Science. Hoboken, NJ: John Wiley & Sons; 2008.

12. Joung JK. Identifying and modifying protein-DNA and protein-protein interactions using a
bacterial two-hybrid selection system. J Cell Biochem Suppl 2001; 37(Suppl):53–7.

13. Brymora A. Protein-protein interactions identified by pull-down experiments and mass spec-
trometry. In: Bonifacino JS, Dasso M, Harford JB, Lippincott-Schwartz J, Yamada KM, eds.
Current Protocols in Cell Biology. Hoboken, NJ: John Wiley & Sons; 2004.

14. Kramer S, Joos TO, Templin MF. Protein microarrays. In: Coligan JE, Dunn BM, Speicher
DW, Wingfield PT, eds. Current Protocols in Protein Science. Hoboken, NJ: John Wiley &
Sons; 2005.

15. Husi H, Ward MA, Choudhary JS, Blackstock WP, Grant SG. Proteomic analysis of NMDA
receptor-adhesion protein signaling complexes. Nat Neurosci 2000;3(7):661–9.

16. Kim M, Jiang LH, Wilson HL, North RA, Surprenant A. Proteomic and functional evidence
for a P2X7 receptor signalling complex. Embo J 2001;20(22):6347–58.

17. Becamel C, Alonso G, Galeotti N, et al. Synaptic multiprotein complexes associated with
5-HT(2C) receptors: a proteomic approach. Embo J 2002;21(10):2332–42.

18. Free RB, Hazelwood LA, Sibley DR. Identifying novel protein-protein interactions using co-
immunoprecipitation and mass spectroscopy. In: Gerfen C, Holmes A, Rogawski M, Sibley
D, Skolnick P, Wray S, eds. Current Protocols in Neuroscience. Hoboken, NJ: John Wiley
& Sons; 2008.

19. Liu Y, Buck DC, Neve KA. Novel interaction of the dopamine D2 receptor and the Ca2+
binding protein S100B: role in D2 receptor function. Mol Pharmacol 2008;74(2):371–8.

20. Hazelwood LA, Free RB, Cabrera DM, Skinbjerg M, Sibley DR. Reciprocal modulation of
function between the D1 and D2 dopamine receptors and the Na+,K+-ATPase. J Biol Chem
2008;283(52):36441–53.

21. Park SK, Nguyen MD, Fischer A, et al. Par-4 links dopamine signaling and depression. Cell
2005;122(2):275–87.



250 L.A. Hazelwood et al.

22. Lee FJ, Pei L, Moszczynska A, Vukusic B, Fletcher PJ, Liu F. Dopamine transporter cell
surface localization facilitated by a direct interaction with the dopamine D2 receptor. Embo
J 2007;26(8):2127–36.

23. Lavine N, Ethier N, Oak JN, et al. G protein-coupled receptors form stable com-
plexes with inwardly rectifying potassium channels and adenylyl cyclase. J Biol Chem
2002;277(48):46010–9.

24. Lee FJ, Xue S, Pei L, et al. Dual regulation of NMDA receptor functions by direct protein-
protein interactions with the dopamine D1 receptor. Cell 2002;111(2):219–30.

25. Pfleger KD, Eidne KA. Monitoring the formation of dynamic G-protein-coupled receptor-
protein complexes in living cells. Biochem J 2005;385(Pt 3):625–37.

26. Hannan MA, Kabbani N, Paspalas CD, Levenson R. Interaction with dopamine D2 receptor
enhances expression of transient receptor potential channel 1 at the cell surface. Biochim
Biophys Acta 2008;1778(4):974–82.

27. Klewe IV, Nielsen SM, Tarpo L, et al. Recruitment of beta-arrestin2 to the dopamine
D2 receptor: insights into anti-psychotic and anti-parkinsonian drug receptor signaling.
Neuropharmacology 2008;54(8):1215–22.

28. Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, Caron MG. An
Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic neurotransmission and
behavior. Cell 2005;122(2):261–73.

29. Hammond C, Braakman I, Helenius A. Role of N-linked oligosaccharide recognition, glu-
cose trimming, and calnexin in glycoprotein folding and quality control. Proc Natl Acad Sci
USA 1994;91(3):913–7.

30. Molinari M, Eriksson KK, Calanca V, et al. Contrasting functions of calreticulin and calnexin
in glycoprotein folding and ER quality control. Mol Cell 2004;13(1):125–35.

31. Swanton E, High S, Woodman P. Role of calnexin in the glycan-independent quality control
of proteolipid protein. Embo J 2003;22(12):2948–58.

32. Bermak JC, Li M, Bullock C, Zhou QY. Regulation of transport of the dopamine D1 receptor
by a new membrane-associated ER protein. Nat Cell Biol 2001;3(5):492–8.

33. Zhan L, Liu B, Jose-Lafuente M, et al. ALG-2 interacting protein AIP1: a novel link between
D1 and D3 signalling. Eur J Neurosci 2008;27(7):1626–33.

34. Katoh K, Shibata H, Suzuki H, et al. The ALG-2-interacting protein Alix associates with
CHMP4b, a human homologue of yeast Snf7 that is involved in multivesicular body sorting.
J Biol Chem 2003;278(40):39104–13.

35. Kim OJ, Ariano MA, Lazzarini RA, Levine MS, Sibley DR. Neurofilament-M interacts with
the D1 dopamine receptor to regulate cell surface expression and desensitization. J Neurosci
2002;22(14):5920–30.

36. Kruger R, Fischer C, Schulte T, et al. Mutation analysis of the neurofilament M gene in
Parkinson’s disease. Neurosci Lett 2003;351(2):125–9.

37. Strous RD, Greenbaum L, Kanyas K, et al. Association of the dopamine receptor
interacting protein gene, NEF3, with early response to antipsychotic medication. Int J
Neuropsychopharmacol 2007;10(3):321–33.

38. Lajoie P, Nabi IR. Regulation of raft-dependent endocytosis. J Cell Mol Med
2007;11(4):644–53.

39. Robinet P, Fradagrada A, Monier MN, et al. Dynamin is involved in endolysosomal
cholesterol delivery to the endoplasmic reticulum: role in cholesterol homeostasis. Traffic
2006;7(7):811–23.

40. Kabbani N, Jeromin A, Levenson R. Dynamin-2 associates with the dopamine receptor
signalplex and regulates internalization of activated D2 receptors. Cell Signal 2004;16(4):
497–503.

41. De Vries L, Lou X, Zhao G, Zheng B, Farquhar MG. GIPC, a PDZ domain containing
protein, interacts specifically with the C terminus of RGS-GAIP. Proc Natl Acad Sci USA
1998;95(21):12340–5.



9 Dopamine Receptor-Interacting Proteins 251

42. Blobe GC, Liu X, Fang SJ, How T, Lodish HF. A novel mechanism for regulating transform-
ing growth factor beta (TGF-beta) signaling. Functional modulation of type III TGF-beta
receptor expression through interaction with the PDZ domain protein, GIPC. J Biol Chem
2001;276(43):39608–17.

43. Hu LA, Chen W, Martin NP, Whalen EJ, Premont RT, Lefkowitz RJ. GIPC interacts with the
beta1-adrenergic receptor and regulates beta1-adrenergic receptor-mediated ERK activation.
J Biol Chem 2003;278(28):26295–301.

44. Bunn RC, Jensen MA, Reed BC. Protein interactions with the glucose transporter binding
protein GLUT1CBP that provide a link between GLUT1 and the cytoskeleton. Mol Biol Cell
1999;10(4):819–32.

45. Zhao C, Slevin JT, Whiteheart SW. Cellular functions of NSF: not just SNAPs and SNAREs.
FEBS Lett 2007;581(11):2140–9.

46. Cong M, Perry SJ, Hu LA, Hanson PI, Claing A, Lefkowitz RJ. Binding of the beta2 adrener-
gic receptor to N-ethylmaleimide-sensitive factor regulates receptor recycling. J Biol Chem
2001;276(48):45145–52.

47. Heydorn A, Sondergaard BP, Hadrup N, Holst B, Haft CR, Schwartz TW. Distinct in vitro
interaction pattern of dopamine receptor subtypes with adaptor proteins involved in post-
endocytotic receptor targeting. FEBS Lett 2004;556(1–3):276–80.

48. Zou S, Li L, Pei L, et al. Protein-protein coupling/uncoupling enables dopamine D2
receptor regulation of AMPA receptor-mediated excitotoxicity. J Neurosci 2005;25(17):
4385–95.

49. Wang Y, Zhou Y, Szabo K, Haft CR, Trejo J. Down-regulation of protease-activated receptor-
1 is regulated by sorting nexin 1. Mol Biol Cell 2002;13(6):1965–76.

50. Whistler JL, Enquist J, Marley A, et al. Modulation of postendocytic sorting of G protein-
coupled receptors. Science 2002;297(5581):615–20.

51. Thompson D, Pusch M, Whistler JL. Changes in G protein-coupled receptor sorting pro-
tein affinity regulate postendocytic targeting of G protein-coupled receptors. J Biol Chem
2007;282(40):29178–85.

52. Li M, Bermak JC, Wang ZW, Zhou QY. Modulation of dopamine D(2) receptor signaling by
actin-binding protein (ABP-280). Mol Pharmacol 2000;57(3):446–52.

53. Li M, Li C, Weingarten P, Bunzow JR, Grandy DK, Zhou QY. Association of dopamine
D(3) receptors with actin-binding protein 280 (ABP-280). Biochem Pharmacol 2002;63(5):
859–63.

54. Lin R, Karpa K, Kabbani N, Goldman-Rakic P, Levenson R. Dopamine D2 and D3 receptors
are linked to the actin cytoskeleton via interaction with filamin A. Proc Natl Acad Sci USA
2001;98(9):5258–63.

55. Binda AV, Kabbani N, Lin R, Levenson R. D2 and D3 dopamine receptor cell surface
localization mediated by interaction with protein 4.1 N. Mol Pharmacol 2002;62(3):507–13.

56. Niggli V, Rossy J. Ezrin/radixin/moesin: versatile controllers of signaling molecules and of
the cortical cytoskeleton. Int J Biochem Cell Biol 2008;40(3):344–9.

57. Griffon N, Jeanneteau F, Prieur F, Diaz J, Sokoloff P. CLIC6, a member of the intracellular
chloride channel family, interacts with dopamine D(2)-like receptors. Brain Res Mol Brain
Res 2003;117(1):47–57.

58. Parker LL, Backstrom JR, Sanders-Bush E, Shieh BH. Agonist-induced phosphorylation of
the serotonin 5-HT2C receptor regulates its interaction with multiple PDZ protein 1. J Biol
Chem 2003;278(24):21576–83.

59. Ullmer C, Schmuck K, Figge A, Lubbert H. Cloning and characterization of MUPP1, a novel
PDZ domain protein. FEBS Lett 1998;424(1–2):63–8.

60. Heuckeroth RO, Birkenmeier EH, Levin MS, Gordon JI. Analysis of the tissue-specific
expression, developmental regulation, and linkage relationships of a rodent gene encoding
heart fatty acid binding protein. J Biol Chem 1987;262(20):9709–17.

61. Schroeder F, Jolly CA, Cho TH, Frolov A. Fatty acid binding protein isoforms: structure and
function. Chem Phys Lipids 1998;92(1):1–25.



252 L.A. Hazelwood et al.

62. Takeuchi Y, Fukunaga K. Differential subcellular localization of two dopamine D2 receptor
isoforms in transfected NG108-15 cells. J Neurochem 2003;85(4):1064–74.

63. Williams TM, Lisanti MP. The Caveolin genes: from cell biology to medicine. Ann Med
2004;36(8):584–95.

64. Kong MM, Hasbi A, Mattocks M, Fan T, O‘Dowd BF, George SR. Regulation of D1
dopamine receptor trafficking and signaling by caveolin-1. Mol Pharmacol 2007;72(5):
1157–70.

65. Macey TA, Gurevich VV, Neve KA. Preferential Interaction between the dopamine D2
receptor and Arrestin2 in neostriatal neurons. Mol Pharmacol 2004;66(6):1635–42.

66. Macey TA, Liu Y, Gurevich VV, Neve KA. Dopamine D1 receptor interaction with arrestin3
in neostriatal neurons. J Neurochem 2005;93(1):128–34.

67. Beaulieu JM, Sotnikova TD, Yao WD, et al. Lithium antagonizes dopamine-dependent
behaviors mediated by an AKT/glycogen synthase kinase 3 signaling cascade. Proc Natl
Acad Sci USA 2004;101(14):5099–104.

68. Emamian ES, Hall D, Birnbaum MJ, Karayiorgou M, Gogos JA. Convergent evidence for
impaired AKT1-GSK3beta signaling in schizophrenia. Nat Genet 2004;36(2):131–7.

69. Ahn S, Shenoy SK, Wei H, Lefkowitz RJ. Differential kinetic and spatial patterns of beta-
arrestin and G protein-mediated ERK activation by the angiotensin II receptor. J Biol Chem
2004;279(34):35518–25.

70. Luttrell LM, Roudabush FL, Choy EW, et al. Activation and targeting of extracellular
signal-regulated kinases by beta-arrestin scaffolds. Proc Natl Acad Sci USA 2001;98(5):
2449–54.

71. Ann K, Kowalchyk JA, Loyet KM, Martin TF. Novel Ca2+-binding protein (CAPS)
related to UNC-31 required for Ca2+-activated exocytosis. J Biol Chem 1997;272(32):
19637–40.

72. Binda AV, Kabbani N, Levenson R. Regulation of dense core vesicle release from PC12 cells
by interaction between the D2 dopamine receptor and calcium-dependent activator protein
for secretion (CAPS). Biochem Pharmacol 2005;69(10):1451–61.

73. Burgoyne RD, Weiss JL. The neuronal calcium sensor family of Ca2+-binding proteins.
Biochem J 2001;353(Pt 1):1–12.

74. Calvert PD, Klenchin VA, Bownds MD. Rhodopsin kinase inhibition by recoverin. Function
of recoverin myristoylation. J Biol Chem 1995;270(41):24127–9.

75. Kabbani N, Negyessy L, Lin R, Goldman-Rakic P, Levenson R. Interaction with neuronal
calcium sensor NCS-1 mediates desensitization of the D2 dopamine receptor. J Neurosci
2002;22(19):8476–86.

76. Donato R. Functional roles of S100 proteins, calcium-binding proteins of the EF-hand type.
Biochim Biophys Acta 1999;1450(3):191–231.

77. Rex EB, Rankin ML, Ariano MA, Sibley DR. Ethanol Regulation of D(1) Dopamine
Receptor Signaling is Mediated by Protein Kinase C in an Isozyme-Specific Manner.
Neuropsychopharmacology 2008;32:2900–2911.

78. Hoeflich KP, Ikura M. Calmodulin in action: diversity in target recognition and activation
mechanisms. Cell 2002;108(6):739–42.

79. Bofill-Cardona E, Kudlacek O, Yang Q, Ahorn H, Freissmuth M, Nanoff C. Binding of
calmodulin to the D2-dopamine receptor reduces receptor signaling by arresting the G
protein activation switch. J Biol Chem 2000;275(42):32672–80.

80. Liu Y, Buck DC, Macey TA, Lan H, Neve KA. Evidence that calmodulin binding to
the dopamine D2 receptor enhances receptor signaling. J Recept Signal Transduct Res
2007;27(1):47–65.

81. Kim E, Sheng M. PDZ domain proteins of synapses. Nat Rev Neurosci 2004;5(10):771–81.
82. Yao WD, Gainetdinov RR, Arbuckle MI, et al. Identification of PSD-95 as a regulator of

dopamine-mediated synaptic and behavioral plasticity. Neuron 2004;41(4):625–38.
83. Zhang J, Vinuela A, Neely MH, et al. Inhibition of the dopamine D1 receptor signaling by

PSD-95. J Biol Chem 2007;282(21):15778–89.



9 Dopamine Receptor-Interacting Proteins 253

84. Jiang D, Sibley DR. Regulation of D(1) dopamine receptors with mutations of protein
kinase phosphorylation sites: attenuation of the rate of agonist-induced desensitization. Mol
Pharmacol 1999;56(4):675–83.

85. Namkung Y, Sibley DR. Protein kinase C mediates phosphorylation, desensitization, and
trafficking of the D2 dopamine receptor. J Biol Chem 2004;279(47):49533–41.

86. Fraga S, Jose PA, Soares-da-Silva P. Involvement of G protein-coupled receptor kinase 4 and
6 in rapid desensitization of dopamine D1 receptor in rat IEC-6 intestinal epithelial cells. Am
J Physiol Regul Integr Comp Physiol 2004;287(4):R772–9.

87. Ito K, Haga T, Lameh J, Sadee W. Sequestration of dopamine D2 receptors depends on
coexpression of G-protein-coupled receptor kinases 2 or 5. Eur J Biochem 1999;260(1):
112–9.

88. Rankin ML, Marinec PS, Cabrera DM, Wang Z, Jose PA, Sibley DR. The D1 dopamine
receptor is constitutively phosphorylated by G protein-coupled receptor kinase 4. Mol
Pharmacol 2006;69(3):759–69.

89. Tiberi M, Nash SR, Bertrand L, Lefkowitz RJ, Caron MG. Differential regulation of
dopamine D1A receptor responsiveness by various G protein-coupled receptor kinases.
J Biol Chem 1996;271(7):3771–8.

90. Krupnick JG, Benovic JL. The role of receptor kinases and arrestins in G protein-coupled
receptor regulation. Annu Rev Pharmacol Toxicol 1998;38:289–319.

91. Tobin AB. G-protein-coupled receptor phosphorylation: where, when and by whom. Br J
Pharmacol 2008;153(Suppl 1):S167–76.

92. Kim OJ, Ariano MA, Namkung Y, et al. D2 dopamine receptor expression and trafficking is
regulated through direct interactions with ZIP. J Neurochem 2008;106(1):83–95.

93. Jeanneteau F, Guillin O, Diaz J, Griffon N, Sokoloff P. GIPC recruits GAIP (RGS19) to
attenuate dopamine D2 receptor signaling. Mol Biol Cell 2004;15(11):4926–37.

94. Beech DJ. TRPC1: store-operated channel and more. Pflugers Arch 2005;451(1):53–60.
95. Ramsey IS, Delling M, Clapham DE. An introduction to TRP channels. Annu Rev Physiol

2006;68:619–47.
96. Werner P, Hussy N, Buell G, Jones KA, North RA. D2, D3, and D4 dopamine recep-

tors couple to G protein-regulated potassium channels in Xenopus oocytes. Mol Pharmacol
1996;49(4):656–61.

97. Barnard ML, Olivera WG, Rutschman DM, Bertorello AM, Katz AI, Sznajder JI. Dopamine
stimulates sodium transport and liquid clearance in rat lung epithelium. Am J Respir Crit
Care Med 1997;156(3 Pt 1):709–14.

98. Brismar H, Asghar M, Carey RM, Greengard P, Aperia A. Dopamine-induced recruit-
ment of dopamine D1 receptors to the plasma membrane. Proc Natl Acad Sci USA
1998;95(10):5573–8.

99. Anderson SM, Famous KR, Sadri-Vakili G, et al. CaMKII: a biochemical bridge link-
ing accumbens dopamine and glutamate systems in cocaine seeking. Nat Neurosci
2008;11(3):344–53.

100. Mangiavacchi S, Wolf ME. D1 dopamine receptor stimulation increases the rate of AMPA
receptor insertion onto the surface of cultured nucleus accumbens neurons through a
pathway dependent on protein kinase A. J Neurochem 2004;88(5):1261–71.

101. Cepeda C, Levine MS. Dopamine and N-methyl-D-aspartate receptor interactions in the
neostriatum. Dev Neurosci 1998;20(1):1–18.

102. Fiorentini C, Gardoni F, Spano P, Di Luca M, Missale C. Regulation of dopamine D1 recep-
tor trafficking and desensitization by oligomerization with glutamate N-methyl-D-aspartate
receptors. J Biol Chem 2003;278(22):20196–202.

103. Pei L, Lee FJ, Moszczynska A, Vukusic B, Liu F. Regulation of dopamine D1 receptor
function by physical interaction with the NMDA receptors. J Neurosci 2004;24(5):1149–58.

104. Liu F, Wan Q, Pristupa ZB, Yu XM, Wang YT, Niznik HB. Direct protein-protein coupling
enables cross-talk between dopamine D5 and gamma-aminobutyric acid A receptors. Nature
2000;403(6767):274–80.



254 L.A. Hazelwood et al.

105. Mortensen OV, Amara SG. Dynamic regulation of the dopamine transporter. Eur J
Pharmacol 2003;479(1–3):159–70.

106. Bai J, He F, Novikova SI, et al. Abnormalities in the dopamine system in schizophre-
nia may lie in altered levels of dopamine receptor-interacting proteins. Biol Psychiatry
2004;56(6):427–40.



Chapter 10
Dopamine Receptor Oligomerization

Kjell Fuxe, Daniel Marcellino, Diego Guidolin, Amina Woods,
and Luigi Agnati

Abstract Each dopamine (DA) receptor subtype physically interacts with its own
kind (homomers) or other receptors (heteromers) in the plasma membrane of neu-
rons in the basal ganglia to form dimeric or high-order receptor oligomers, termed
dimeric or high-order receptor mosaics (RMs). Two types of heteromeric DA RMs
are primarily discussed, namely type 1 receptor mosaic (RM1) formed by differ-
ent DA receptor (DA-R) subtypes that display classical cooperativity and type 2
receptor mosaic (RM2) formed by DA-R subtypes physically interacting with other
receptors that display non-classical cooperativity. The D2 receptor can form a RM1
with either D1 or D3 receptor subtypes as well as different types of RM2 with
A2A, mGluR5, CB1, neuropeptide receptors (SSR5, NTS1, CCK-2), and N-methyl-
D-aspartate (NMDA) receptors. Trimeric A2A-D2-mGluR5 and A2A-D2-CB1 RM2
may exist in striatal neuronal networks and are also discussed. D1 receptors can
form RM1 with D3 receptors and different types of RM2 with A1, μ-opioid, and
NMDA receptors. D3 receptors can form a RM2 with A2A receptors and D5 recep-
tors can form a RM2 with γ-aminobutyric acid (GABA)-A receptors. Through
existing as part of a horizontal molecular network, RMs fine-tune multiple effec-
tor systems already at the level of the membrane, involving Ca2+, Na+, and K+

and including G protein-regulated inwardly rectifying potassium channels (GIRK),
adenylyl cyclase (AC), phospholipase C (PLC), and dopamine transporter activity.
The synaptic strength is particularly modulated by DA receptors within DA receptor
RM2 that involve ligand-gated ion channels such as GABA-A and NMDA receptors.
The existence of a RM2 formed by D2 receptors and receptor tyrosine kinase (RTK)
receptors is also likely to exist and bears high relevance for the integration of trophic
and informational signals within striatal networks. A novel neuropsychopharmacol-
ogy may develop on the basis of DA receptor-containing RMs in the brain from the
unique pharmacological properties afforded by their receptor–receptor interactions.
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Keywords Dopamine receptor subtypes · Receptor–receptor interactions · Dop-
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10.1 Introduction

This chapter describes the functional existence of dopamine receptor (DA-R)
homomers and heteromers in the brain, especially within the basal ganglia, while
highlighting their clinical relevance (for general reviews, see [1–8]). Special focus
will be placed on how DA receptor subtypes directly interact with other G
protein-coupled receptors (GPCRs) and with two types of ligand-gated ion chan-
nels, specifically the N-methyl-D-aspartate (NMDA) and GABA-A receptors (see
[2, 9, 10]). However, it should also be emphasized that D2 and D4 receptors
immunoprecipitate with G protein-regulated inward rectifying potassium (GIRK)
channels, form stable complexes with these channels that are opened via the G
protein βγ dimers from activated DA-R, and lead to marked reductions in neu-
ronal excitability [11]. Furthermore, evidence also exists for a direct association
of GABA-B receptors with GIRK (Kir3) channels and the regulator of G protein
signaling RGS4 [12], forming a signaling complex also involving G proteins. DA-R
oligomers likely participate in such signaling complexes.

DA receptor homomeric and heteromeric complexes participate in horizontal and
vertical molecular networks including effectors such as GIRK channels and various
types of DA-R-interacting proteins. At the prejunctional level, D2 receptors have
been demonstrated to form stable complexes with the dopamine transporter (DAT)
[13], enabling the DA re-uptake process to be properly fine-tuned to the ongoing
activity of the D2 autoreceptor-formed heteromers including for example, the neu-
rotensin receptor 1 (NTS1)/D2 autoreceptor heteromer (see [14]) and the non-α7
nicotinic/D2 receptor heteromer in the dorsal striatum [15–17]. The existence of
unique DA-R-oligomeric receptor complexes at both the pre- and postjunctional
level, due to the differential location of the D2L and D2S isoforms, may also give
rise to a different neuropsychopharmacology at the pre- and postjunctional D2
receptors. These differences may lead to novel DA agonists or antagonists for the
treatment of neurological and mental disease (see [18]) with reduced side effects
by fine-tuning DA transmission toward increases or reductions in specific DA-R
heteromeric complexes [19, 20].

10.2 Receptor–Receptor Interactions

In previous papers [21–27], it has been demonstrated that direct interactions among
GPCRs at the level of the plasma membrane can occur based on analysis of
neuropeptide/monoamine receptor interactions. Initial observations at the level of
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agonist recognition in membrane preparations from the CNS suggested the existence
of receptor heteromers. In the past years, accumulating data have demonstrated
that GPCRs can homodimerize and heterodimerize as well as form oligomers
of unknown stoichiometry [1, 3, 4, 6–8, 20, 28–31]. However, the present tech-
niques used to measure receptor–receptor interactions cannot distinguish between
domain-swapped dimers and contact dimers [32, 33].

It is our opinion that both types of interactions (domain swapping and domain
contact) may occur that allow the formation of high-order heterooligomers (high-
order receptor mosaics) depending on the receptor type and the chemicophysical
characteristics of the environments in which the receptors are embedded that affect
GPCR conformation. It is likely that several points of contact exist between two
receptors in view of the available data on protein–protein interactions [34]. Most
interaction interfaces are made up of relatively large protein surfaces (larger than
600 Å2) with complementary conformations and electrostatic salt bridging for
enhanced stability. Furthermore, a small set of hot-spot residues at the interfaces
contribute significantly to the free energy binding of the protein–protein interaction
and are mainly clustered at the center of these interfaces.

It should also be pointed out that electrostatic and hydrogen bond-based inter-
actions are weaker in a water medium than within the lipid environment plane of
the membrane. Hence, the interactions in the plane of the membrane involving the
transmembrane domains (TMD) may form the backbone of the receptor–receptor
interactions. It is likely that additional interactions between receptors in the extra-
and intracellular environments are more plastic and can be easily modified [35].

It is of basic importance to discuss not only the process through which receptors
physically interact but also the factors affecting such interactions, thereby modu-
lating the transfer of the information within the receptor mosaic (RM, dimeric, or
high-order receptor oligomers). In fact, hydrogen bonds (whose strength depends on
the charge of acceptor and donor atoms), electrostatic interactions (whose strength
depends on distance and markedly on the dielectric constant of the medium), and van
der Waals forces (whose strength clearly depends on the distance and falls rapidly
beyond 4 Å of separation) have an energy that differs little from the average ther-
mal energy of molecules. Since the assembly of protein modules is owed to the
sequential formation of these types of atom–atom interactions, if two protein mod-
ules approach one another in a non-optimal way or if two protein modules that are
not intended to interact initiate the interaction process, the thermal threshold can
stop the process by disrupting the few weak bonds formed.

In addition, it should also be considered that receptors can assume different large-
scale conformations according to several environmental conditions, including ionic
strength, pH, and temperature, all of which influence receptor–receptor interactions.
The existence of stable conformations, which differ on the larger scale, can be
explained in terms of the free energy landscape of the receptor. The free energy
landscape describes the free energy of all possible receptor protein structures for
a given primary sequence in a space of 3N dimensions, where N is the number of
atoms. Each individual conformation is represented by a valley with a given depth in
this free energy hypersurface [36], and proteins can shift from one minimum to the
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nearest one if the relevant parameters are changed. This motion would correspond
to intervalley motion, compared with intravalley fluctuations [37].

The various stabilized conformations in such a free energy landscape are viewed
as wells into which receptors may enter or leave according to energetic and entropic
considerations. Since receptor–receptor interactions depend on receptor conforma-
tions, we propose that different receptor–receptor interactions develop according
to the wells in which the interacting receptors are located and hence according to
their free energy. It should again be pointed out that the extramembrane parts of a
GPCR are highly flexible structures immersed in a polar medium (water). Therefore,
they can be remodeled in their environment and be particularly suited for “fishing,”
e.g., for ligands and epitopes of other receptors and proteins in the extracellular and
intracellular media, respectively. This will also lead to the transfer of information in
the receptor mosaic via allosteric interactions causing development of negative or
positive cooperativity in, e.g., the transmitter binding pockets of the RM.

10.3 The Concept of Receptor Mosaics

In the year 1982 we suggested that clusters of receptors could exist in the plasma
membrane. These clusters of receptors, termed RMs [8, 38, 39], are built up of
several receptors and interact via receptor–receptor interactions (i.e., via allosteric
interactions). The denomination RM provides a better relationship to the biochem-
ical fingerprint of the receptor cluster, i.e., the receptor–receptor interactions and
its topology, than the term receptor oligomer (Fig. 10.1). In each RM, each receptor
represents a single tessera within the mosaic; however, the receptor mosaic functions
as an integrated unit with emergent properties unique to the intracellular biochem-
ical machinery associated with each RM. We also introduced the RM hypothesis
of the engram in 1982 that claims the existence of clusters of receptor proteins
(G protein- and ion channel-coupled receptors) at the level of the plasma membrane
that operates as computational units. These are hypothesized to play an important
role in “information handling” by the cell and can contribute to the modulation of the
synaptic weight of cells in neuronal networks thereby altering learning and memory
processes [8, 38, 39].

A cluster of receptors operates as a high-order RM (high-order oligomer) only
if each of the participating receptors modulates the biochemical/functional features
of at least one other receptor within the cluster. The transitions of each receptor
among its possible conformational states within the RM are constrained by the
conformations of the other participating receptors through direct receptor–receptor
interactions. Thereby, each receptor will respond to its ligand in a way that depends
on its interactions with the other receptors in the RM. The term dimeric RM may be
used instead of dimeric oligomers to consistently use the term RM [20].

A situation analogous to that of hemoglobin [40] may exist for RM consisting of
the same receptor or isoreceptors, i.e., of receptors that share the same transmitter.
We have defined these as RM1 (type 1 RM) representing RMs that are formed by
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Fig. 10.1 Theoretical functional outcomes from homo- and heterodimeric (isoreceptors) type 1
receptor mosaics (RM1) and from high-order heteromeric type 2 receptor mosaics (RM2). The
rank order of agonist concentration for each of the participating receptors determines the different
functional outcomes. Thus, the rank order of receptor activation, dependent on agonist concentra-
tion, establishes the integration of receptor signaling that ultimately leads to the different emerging
properties within RMs. In RM1 all the receptors consist of receptor subtypes having similar bind-
ing sites and share the same ligand. Thus, the black and grey receptors are subtypes of receptors
sharing the same ligand such as DA. In RM2 the black, grey, and light grey receptors of the trimer
have different ligands such as adenosine, dopamine, and glutamate activating for example A2A,
D2, and mGluR5 receptors

one type of receptor (homomers) or by isoreceptors (heteromers formed by different
subtypes of receptors for the same neurotransmitter). RM2 are those RMs formed
by different types of receptors, i.e., receptors that bind different ligands [8, 41]
(see Fig. 10.1). Dimers and tetramers for DA-R exist as discussed below. In fact, a
tetrameric form of the DA-D3 receptor has been reported to be the predominant form
in the brain [42] but can also interact with the D3 receptor splice variant D3nf [43].
Furthermore, the early demonstration of negative cooperative interactions among
the β-adrenergic receptors in frog erythrocyte membranes gave additional support
to the existence of RM1 and gave functional implications [44]. Also, the findings of
Armstrong and Strange demonstrated negative cooperativity in DA D2-R ([45]; and
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see [46]). Thus, RM1 formed by the same type (or subtype) of receptors shows clas-
sical cooperativity. Furthermore, the demonstrated receptor–receptor interactions in
RM2 at the level of agonist recognition that involve receptors with different lig-
ands gave evidence for the existence of non-classical cooperativity for these RMs
(see [20, 41]). According to Koshland and Hamadani [40] classical cooperativity
demands initial conditions with essentially identical binding sites.

10.4 On the Existence of Different Types of DA Receptor Mosaics

10.4.1 DA Type 1 Receptor Mosaics

Beginning in the early 1990s, evidence for the existence of sodium dodecyl sulfate
(SDS)-resistant homodimers of D1 and D2 receptors was obtained in cell lines, and
subsequently in brain tissue [47, 48]. High-order oligomers (high-order RM) of D2
receptors may also exist [49]. Dimers may in fact be building blocks for high-order
RMs [50, 51], and linear and ring models of RMs have been introduced based on
atomic-force microscopy (see [8, 41]). Multiple sites of interactions participate in
the D2 homodimer formation [52] where the TM domain 4, but not the disulfide
bonds, plays a major role in the interface [53]. It seems possible that contact dimers
are formed from monomers in the endoplasmatic reticulum, allowing their expres-
sion in the cell surface membrane (see [1, 49]) and the development of negative
cooperativity [45]. Evidence for the existence of D3 dimers and D3 tetramers in the
brain has also been obtained (see above; [42]).

10.4.1.1 The D2/D3 Heteromer

Coimmunoprecipitation experiments in D2 and D3 cotransfected HEK-293 cells
have given evidence for D2/D3 heteromeric complexes [54]. Furthermore, split
D2/D3 heteromeric complexes may be formed through domain swapping mecha-
nisms ([32]; see also [55]) which may contribute to their altered pharmacology
allowing the D2-like agonists including ropinirole and pramipexole to be more
potent at the D2/D3 heteromer binding pockets [56]. The D2/D3 RM may also allow
the D3 receptor to become more strongly coupled to adenylyl cyclase (AC) with
an increased inhibition of its activity [54]. It is also possible that D2/D3 RMs may
exist in discrete nerve cell systems of the brain, since D2 and D3 receptors may be
colocalized only in certain peptide nerve cells of the nucleus accumbens [57].

10.4.1.2 The D1/D2 Heteromer

Phospholipase C (PLC)-coupled D1/D2 receptor RM1s have been discovered in
D1/D2 cotransfected cells [58, 59] and D1 and D2 receptors coimmunoprecipitate
in rat striatal membranes [60]. Also, the two receptors may be colocated in discrete
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ventral striatal nerve cell populations [61]. It is of substantial interest that the two
receptors, when coactivated in the same cell, produce a novel PLC-mediated calcium
signal not seen when the receptors are activated alone. The pharmacological analy-
sis of this RM1 indicated a specific coupling to the Gq/11 pathway that produces a
unique pharmacology of the D1/D2 RM1. The D1-like agonist SKF 83959 exhibits a
relative specificity for the Gq/11-coupled D1-like receptor participating in D1/D2 het-
eromers with an additional ability to act as a partial agonist at the D2 receptor. The
unique pharmacology of this RM1 exhibits high PLC activation and low AC acti-
vation (see [62]). It seems possible that in the coactivated D1/D2 RM1, due to the
receptor–receptor interaction, the conformational state of the two receptors is such
that it will only allow Gq to couple to the D1/D2 heteromer. This is mainly detected
in older animals and causes the activation of calcium/calmodulin-dependent protein
kinase IIα in the ventral striatum, thereby contributing to plasticity changes in the
local circuits of the striatum. This RM may be of special relevance for schizophre-
nia in view of the observations of a reduced link of D1 and D2 receptors in this
disease [63].

10.4.1.3 The D1/D3 Heteromer

It has been shown that D3 receptors are overexpressed in the D1-enriched direct
GABA pathway upon DA denervation and intermittent L-DOPA therapy. This D3
receptor expression may therefore contribute to the D1 sensitization and devel-
opment of L-DOPA-induced dyskinesias [64, 65]. Thus, a facilitating receptor–
receptor interaction between D1 and D3 receptors should be considered as well as
a role for D3 antagonists as an anti-dyskinetic therapy. It is therefore of substantial
interest that it has been possible to demonstrate D1/D3 heteromers in living cells
and to demonstrate striatal intramembrane D3/D1 receptor interactions [66, 67].
Heteromer formation was demonstrated by FRET and BRET techniques in cotrans-
fected mammalian cells. Biochemical binding experiments performed in striatal
membrane preparations exhibited facilitatory D3/D1 receptor interactions with D3
agonist-induced increases in the affinity of the D1 agonist-binding sites. In line with
these results, D3 receptor activation enhanced the motor stimulation effects of D1
agonists in reserpinized mice. Thus, the D1/D3 heteromer may operate by enhance-
ment of D1 receptor recognition and signaling with relevance for D1-mediated motor
functions and when exaggerated by prolonged L-DOPA treatment may contribute to
development of dyskinesias in Parkinson’s disease [66].

In view of the above, it seems likely that the major functional forms of D1, D2,
and D3 receptors in brain are dimers and high-order oligomers such as tetramers.
Thus, in the brain the DA-R subtypes can in part exist as RM1s built up of homo- and
heterooligomers formed by D1, D2, and D3 receptors (dimeric and high-order RM1).
As discussed earlier in this section, these RMs can show classical cooperativity,
since all the receptor binding sites are similar (see [8, 20, 41]). The same may also
be true for D4 and D5 receptors. However, in all these DA type 1 receptor mosaics
the stoichiometry and topography are unknown.
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10.4.2 DA Type 2 Receptor Mosaics

10.4.2.1 The Somatostatin SSTR5/D2 Receptor Heteromer

This RM2 was not constitutively formed, but formed after treatment with agonist
in cotransfected CHO-K1 cells, demonstrated by photobleaching fluorescence
resonance energy transfer (FRET) microscopy [68]. In this heteromer, D2 agonist
could enhance the binding affinity of somatostatin agonist at the SSTR5 and its
G protein coupling while simultaneous agonist treatments increased the inhibitory
cAMP signaling. These facilitatory intramembrane receptor–receptor interactions
within this RM2 may help explain the positive somatostatin–DA interactions
found in the brain after treatment with D2 agonists or somatostatin. However, the
population of nerve cells in the brain where SSTR5 and D2 are colocated needs to
be further established and defined. It is of substantial interest that a study using the
mutant �318-SSTR5 receptor (a partially active C-tail deletion mutant of human
SSTR5) in CHO-K1 cells indicated that a cross-activation of the D2 receptor can
occur in the absence of DA by a direct receptor–receptor interaction in the interface
of the SSTR5/D2 RM2 after somatostatin activation of the SSTR5. Similar to
the DA receptor subtypes, the somatostatin receptor subtypes can assemble as
functional homo- and heterodimers [69].

10.4.2.2 Putative Neuropeptide Receptor/D2 Heteromers

Putative CCK2/D2heteromers: It was demonstrated very early in the 1980s that
both cholecystokinin-8 (CCK-8) and CCK-4 (selective ligands for CCK2 recep-
tors) could increase the affinity of the D2 antagonist-binding sites while reducing
the affinity of the D2 agonist-binding sites in striatal membrane preparations
[24, 25, 70]. Such an antagonistic receptor–receptor interaction may contribute to
the neuroleptic-like actions of CCK-8 and indicated the existence of CCK2/D2
heteromers. A substantially stronger modulation of D2 receptor affinity at its
agonist-binding sites by CCK-8 was found in rat striatal sections most likely due to
the intact cell structure including the plasma membrane [71]. The actions of CCK-8
on D2 receptors were counteracted by a CCK2 receptor antagonist demonstrating
its specificity [72]. These results underlined the previous evidence for the existence
of CCK2/D2 receptor interactions in the striatum and strongly supported the view
of the existence of striatal CCK2/D2 heteromers.

Further evidence for this view was obtained in receptor binding studies per-
formed in a mouse fibroblast cell line (L-hD2L/CCK2), expressing both human
D2 receptors (long form, D2L) and human CCK2 receptors [73]. Thus, CCK-8
caused a significant decrease in the affinity of the D2 agonist [3H]NPA binding
sites in the L-hD21/CCK2 cell membranes, blocked by a CCK2 receptor antago-
nist. However, in contrast to rat neostriatal membranes where CCK-8 increases the
affinity of D2 antagonist binding [25], CCK-8 decreased the affinity of the D2 antag-
onist [3H]raclopride binding sites in the L-hD2L/CCK2 cell membranes. This may
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be related to the absence of the D1 receptor in the D2/CCK2 cell membranes. As a
matter of fact, CCK-8 was found to increase the affinity of DA for the D2 receptors
labeled by the D2 antagonist [3H]raclopride in the rat neostriatal membranes when
the D1 receptors were also activated, but to decrease it when the D1 receptors were
blocked, indicating a control by D1 receptors of the CCK receptor regulation of D2
receptors. In view of the existence of D1/D2 heteromers ([58] and see above), it
seems possible that a high-order RM may exist in the striatal membranes contain-
ing D1, D2, and CCK2 receptors. Within this novel postulated RM2, D1 receptors
will strongly modulate the CCK2/D2 receptor interaction. Thus in vivo, the activity
of D1 receptors will determine whether CCK-8 via CCK2 receptors will act as an
endogenous inhibitor or enhancer of D2 receptor function.

Putative NTS1/D2 heteromers: Experimental evidence indicates that neurotensin
(NT) and in particular, but not exclusively, the NT receptor subtype 1 (NTS1) play
a key role in the regulation of the functional activity of the basal ganglia and that
NTS1 receptors are widely expressed on dopaminergic neurons in the substantia
nigra. In the dorsal striatum, their expression appears to be limited to the dopaminer-
gic terminals of the nigral neurons and glutamatergic terminals from cortical inputs
(see [14, 74, 75]).

A large number of studies have well documented the existence of a functional
neurotensin/dopamine interaction in the central nervous system. The regulation of
dopaminergic transmission, especially the nigro-striatal and mesocorticolimbic DA
pathways, by NT [76] is mainly due to an antagonistic action of the activated neu-
rotensin receptor (NTR) on D2 receptor recognition and signaling by decreasing the
affinity of D2 receptor agonist binding [14, 74, 75, 77–84]. The NT-induced changes
in D2 receptor agonist affinity have been demonstrated to be strong in striatal sec-
tions [78, 85] but exist also in striatal membrane preparations [86]. The effects are
blocked by a NTS1 receptor antagonist (SR 48692). These results demonstrate a
direct allosteric NTS1/D2 receptor–receptor interaction that results in a reduction
in the agonist affinity of the D2 receptor and indicates the existence of a striatal
NTS1/D2 heteromer.

The microdialysis findings in the dorsal striato-pallidal GABA pathway have pro-
vided a functional in vivo correlate to the antagonistic NTS1/D2 receptor–receptor
interaction observed in ligand binding experiments. These microdialysis findings
demonstrated the antagonistic effects of threshold concentrations of NT on striatal
D2 autoreceptor signaling and D2 postjunctional receptors [14, 75, 79–81, 86, 87].
The NT-induced reduction of D2-mediated signaling at both the striatal pre- and
postjunctional levels leads to increased activity in the striato-pallidal GABA neu-
rons, and DA transmission is switched toward a D1-mediated transmission that
leads to increased activity of the striatonigral GABA pathway. The former action
will contribute to the motor inhibition and catalepsy exhibited after NT treatment
and underlies the use of NT receptor antagonists as a novel treatment strategy for
Parkinson’s disease (see [14, 75]). The demonstration of the antagonistic NTS1/D2
autoreceptor interaction in the DA terminals of the caudate-putamen gave the first
indication of the existence of a D2 autoreceptor heteromer in this case with NTS1
receptors.
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10.4.2.3 The D2-non-α7 nAChR Heteromer

Molecular interactions have been demonstrated between the β2 subunits of non-α7
nAChRs and the D2 autoreceptor as determined in coimmunoprecipitation experi-
ments on membrane preparations from cotransfected mammalian cells and striatum,
suggesting the existence of a RM built up of non-α7 nAChR channels and D2
autoreceptors [15, 17]. Thus, prejunctional dorsal striatal DA transmission is also
modulated by these receptor heteromers, and previous studies had demonstrated
that single nicotine injections could modulate the affinity of striatal D2 receptors
for antagonists [16]. The D2/non-α7 nAChR heteromer makes it possible for the D2
autoreceptor to decrease the stimulatory effects of non-α7 nAChR activation on DA
release. The induction of DA release takes place via direct actions on the protein
networks involved in vesicular fusion through increased calcium influx via the
nicotinic channels and/or opening of N- and P/Q-type voltage-dependent calcium
channels (see [15]).

10.4.2.4 The A2A/D2 Heteromer

A2A/D2 receptor heteromers forming type 2 RM (RM2) [88–91] may exist in the
dorsal and ventral striato-pallidal GABA pathway in which activation of A2A recep-
tors reduces D2 receptor recognition, coupling, and signaling [2, 7, 9, 26]. In the
striato-pallidal GABA neurons, three types of RM may exist in equilibrium on the
neuronal surface membrane, the type 1 RM formed by either A2A or D2 homomers
and the type 2 RM formed by A2A/D2 heteromers. It seems possible that high-order
A2A/D2 RM2 of unknown stoichiometry and topology may also exist, containing,
e.g., D2 homodimers and A2A homodimers. In such a case, antagonistic A2A/D2
receptor interactions can still take place by assuming that the A2A receptors can
enhance the negative cooperativity in such participating D2 receptor homodimers.
Such events may also take place in the A2A/D3 and A1/D1 heteromers (see below).
A major component of the interface in the A2A/D2 heteromer is the electrostatic
interaction between the positively charged arginine-rich epitope in the N-terminal
domain of the third intracellular loop (IC3) of the D2 receptor and the negatively
charged epitopes in the C-terminal tail of the A2A receptor, especially the epitope
(aa 370–378) containing a phosphorylated serine [89, 92]. Thus phosphorylation
events may modulate the strength of the receptor–receptor interactions within these
RMs. These results were also supported by studies using D1/D2 chimeras [93].

A2A receptor activation results in an A2A-induced inhibition of inhibitory D2
receptor signaling. This produces a net increase in the activity of the striato-pallidal
GABA neurons that leads to the reduced activity of the glutamate-mediated motor
drive to the cortical motor regions with reduction of both motor and reward func-
tions. In Parkinson’s disease where D2 receptor signaling is markedly reduced,
A2A receptor antagonists may therefore be used as a therapeutic agent to enhance
D2 receptor signaling in A2A/D2 receptor heteromers of the dorsal striato-pallidal
GABA pathway [19, 94, 95]. In schizophrenia and drug addiction, with a likely
pathological increase in D2 receptor signaling in the A2A/D2 receptor heteromers
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in the ventral striato-pallidal GABA pathway, A2A receptor agonists may instead be
useful as therapeutic agents [9, 20, 96–98]. In this way, reducing D2 receptor signal-
ing in the A2A/D2 receptor heteromer in the ventral striato-pallidal GABA pathway
may inter alia counteract the deficit found in the glutamate drive to the prefrontal
cortex in schizophrenia. The understanding of the structure and pharmacology of
the A2A/D2 receptor heteromer may offer novel treatments of inter alia Parkinson’s
disease, schizophrenia, and drug addiction [2, 7, 8, 19, 20, 22, 26, 65, 95, 96,
99–103]

10.4.2.5 The Putative mGluR5/A2A/D2 Heteromer (High-Order RM2)

There exists evidence for the colocalization of mGluR5, A2A, and D2 receptors
mainly located on dendritic spines of the striato-pallidal GABA neurons in perisy-
naptic zones around glutamate and DA boutons (see [15]). As discussed above,
A2A/D2 heteromers have been demonstrated in striatal tissue. Furthermore, coim-
munoprecipitation studies show A2A/mGluR5 heteromeric receptor complexes in
membrane preparations from cotransfected HEK-293 cells and in striatal mem-
brane preparations [104]. It therefore seems possible that these three receptors
can form a trimeric RM (Fig. 10.2) with the three receptors in direct contact
with each other in the dendritic spines of the striato-pallidal GABA neurons and
on corticostriatal glutamate terminals. Furthermore, indications of intramembrane
receptor–receptor interactions between mGluR5/D2 receptors have previously been
obtained. Glutamate Group I mGlu receptor agonists and mGluR5 agonists have
been found to decrease the affinity of the D2 receptor for its agonists [105–107].
Furthermore, combined activation of A2A and mGluR5 exerts enhanced effects on
the antagonistic modulation of the D2 agonist-binding site. In various behavioral
and other biochemical models, significant antagonistic A2A/D2 and mGluR5/D2
have been observed, as well as synergistic A2A/mGluR5 receptor interactions [2, 7,
8, 15].

However, it remains to be identified to which extent this membrane cross talk
may involve indirect interactions via scaffolding, adapter proteins, and cytoskeletal
proteins such as protein 4.1 N [108], Filamin A [109, 110], and spinophilin [111].
It also seems possible that the A2A and D2 receptors, besides mGluR5 [112], could
be linked to the NMDA receptor scaffold. There may be a docking to some extent
of the mGluR5, D2, and A2A receptors to the NMDA receptor-associated PSD-95
complex, although they are predominantly located extrasynaptically. To support this
notion, PSD-95 has in fact been identified as a regulator of DA-mediated synap-
tic and behavioral plasticity [113]. Furthermore, ischemic damage can be reduced
by perturbing NMDA receptor/PSD-95 protein interactions [114], demonstrating its
impact on excitotoxicity.

In this way, a horizontal molecular network [7] may be identified in dendritic
microdomains at the membrane surface where heteromers of GPCRs, scaffolding
proteins, adapter proteins (e.g., homers), and glutamate-gated ion channels (such
as NMDA receptors) participate. This may allow the development of the necessary
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Fig. 10.2 Schematic representation of postulated A2A/D2/mGluR5 RMs mainly located in the
striato-pallidal GABA neurons but also in corticostriatal glutamate terminals. They mainly exist
extrasynaptically on the neck of the spines and on the dendritic shafts but also on the glutamate
terminals. Junctional (shown) and extrajunctional (not shown) NMDA receptors may be regulated
by D2 receptors. Increased action potentials reaching the corticostriatal glutamate terminals will
lead to increased glutamate spillover and increased formation of extracellular adenosine due to
increased release of ATP from the glutamate terminals. This will lead to increased concurrent
activation of mGluR5 and A2A receptors in the extrasynaptic A2A/D2/mGluR5 RM, which will
synergize to inhibit D2 signaling in these RMs resulting in increases in glutamate release and
reduced ability of postjunctional D2 receptors to inhibit firing in the striato-pallidal GABA neurons
via gating of Ca2+, K+, and Na+ channels. (volume transmission; VT)
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molecular circuits in the membrane and cytoplasm for the glutamate, adenosine,
and DA cross talk where the receptor–receptor interactions importantly participate
via direct (dimeric and high-order type 2 RMs) or indirect (adapter proteins) inter-
actions. It now becomes possible to begin to understand the integrative molecular
basis of the regulation of the excitability, firing rates, metabolism, and trophism in
the striato-pallidal GABA neurons and the glutamate release process.

10.4.2.6 The A2A/D3 Heteromer

A recent study by Torvinen et al. [115] demonstrates a specific and high FRET
efficiency in cells transiently cotransfected with A2A-YFP and D3-GFP2 receptors,
suggesting that A2A and D3 receptors form an A2A/D3 heteromer. Evidence was
also obtained in membranes prepared from stably transfected CHO cell lines that
A2A activation reduces D3 receptor agonist binding and D3 receptor signaling. This
provided the evidence for an antagonistic A2A/D3 receptor interaction in A2A/D3
heteromers similar to those observed in the A2A/D2 receptor heteromer. A2A/D3
receptor heteromers may therefore exist in the D3-rich nucleus accumbens if coex-
pressed in the same neuron. In view of the existence of D3 receptor dimers and
tetramers in brain [42] and the existence of D2/D3 receptor heterodimers [54], the
existence of high-order RM2 should be considered in this region where A2A, D3, and
D2 receptors may participate (see [8, 19, 20]). The D3 receptor is considered a target
for anti-schizophrenic drugs [116], and therefore A2A/D3 RMs offer possibilities for
novel treatment strategies of this disease.

10.4.2.7 The CB1/D2 Heteromer and the Putative A2A/D2/CB
High-Order RM2

In the year 2003 it was proposed that the anti-parkinsonian actions of cannabinoid
CB1 receptor antagonists involve the counteraction of antagonistic CB1/dopamine
D2 receptor interactions within CB1/D2 heteromeric complexes [2]. Subsequent
work in 2005 indicated the existence of CB1/D2 heteromers in HEK-293 cell lines
based on coimmunoprecipitation experiments and demonstrated that the putative
CB1/D2 heteromers were enhanced through their concurrent agonist stimulation
[117]. The existence of CB1/D2 heteromers was further established in living HEK-
293 cells using FRET-based analysis and was found to be independent of receptor
occupancy [118]. The CB1 receptor agonist CP 55,940 reduced the affinity of D2
receptor agonist binding sites in both the dorsal and the ventral striatum includ-
ing the nucleus accumbens shell giving indications for the existence of antagonistic
CB1–D2 receptor interactions taking place in striatal CB1/D2 heteromeric com-
plexes. The evidence suggests a co-location of CB1 and D2 striatal receptors
predominantly in the soma and dendrites of the ventral striato-pallidal GABA neu-
rons and also in corticostriatal glutamate terminals where A2A receptors are also
present (see [119, 120]).
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Antagonistic CB1/D2 interactions were also detected at the behavioral level
through an analysis of quinpirole-induced locomotor hyperactivity in rats. The CB1
receptor agonist CP 55,940 at a dose that did not alter basal locomotion was able to
block quinpirole-induced increases in locomotor activity. In addition, not only the
CB1 receptor antagonist rimonabant but also the specific A2A receptor antagonist
MSX-3 blocked the inhibitory effect of CB1 receptor agonist on D2-like receptor
agonist-induced hyperlocomotion. These results indicated the specific involvement
of A2A receptors in the behavioral inhibition exerted by the CB1 receptor agonist on
D2 receptor agonist-induced hyperlocomotion [118].

In agreement with the above, A2A receptor antagonists counteract the striatal
CB1 receptor-mediated motor depression, and striatal A2A and CB1 receptors form
functional heteromeric complexes [121]. It is of substantial interest that CB1 ago-
nists like CP 55,940 and �9-tetrahydrocannabinol can promote PKA-dependent
phosphorylation of DARPP-32 in A2A-expressing medium spiny neurons probably
representing the striato-pallidal GABA neurons [122, 123], and this phosphorylation
is dependent on the presence and likely tonic activation of both A2A and D2 recep-
tors [122]. CB1-induced DARPP-32 phosphorylation may be a consequence of the
antagonistic CB1/D2 interaction demonstrated by Marcellino et al. [118]. A possi-
ble major mechanism for this event may be the ability of the antagonistic CB1/D2
receptor interaction to release the A2A-activated AC from D2-mediated inhibition
[9, 20] in putative CB1/D2/A2A RMs. In fact, in the brain there exists a high molec-
ular weight form of CB1 devoid of G proteins, which may represent such a trimeric
RM [124].

10.4.2.8 The A1/D1 Heteromer

Evidence suggests the existence of A1/D1 heteromers with antagonistic A1/D1
receptor interactions [8, 26, 125–128] in the basal ganglia and prefrontal cortex, and
especially in the direct striatonigral–striatoentopeduncular GABA pathways. The
neurochemical and behavioral findings demonstrating antagonistic A1/D1 receptor
interactions can be explained by the existence of such A1/D1 heteromers and/or by
antagonistic interactions at the level of second messengers [26, 126, 129, 130]. The
topology and stoichiometry of the A1/D1 RMs are unknown. However, even if the
number of D1 receptors may dominate in these RMs with the formation of D1 recep-
tor dimers and tetramers, a single A1 receptor in this RM may still a have powerful
inhibitory influence. The A1 receptor could still enhance the negative cooperativ-
ity in the activated D1 receptor dimers and tetramers within the RM via direct
interactions with one of the D1 receptor subunits. These results suggest a role of
A1 receptor agonists and antagonists in the treatment of diseases with dysfunction
of D1 receptor signaling via their actions on the A1/D1 heteromers. Such diseases
may include attention deficit hyperactivity disorder, drug addiction, and dyskine-
sias where A1 receptor agonists may have a therapeutic value and Parkinson’s
disease where A1 receptor antagonists may show anti-parkinsonian effects
[19, 22, 26, 131].
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10.4.2.9 The μ-Opioid Receptor/D1 Heteromer

The μ-opioid receptor is colocated with the D1 receptor in nerve cells of the
dorsal striatum [132] to which a novel approach, using a method that harnessed
the mechanism for transport of proteins to the nucleus, was used to demonstrate
the heteromerization between these two receptors in living cells (see Chapter
8). The nuclear translocation pathway was adapted for the visualization of the
μ-opioid receptor/D1 heteromer, which caused an increased surface expression
of the μ-opioid receptor [132]. The interface in this heteromer involved the car-
boxyl tail of the D1 receptor, since its substitution with the carboxyl tail of
the dopamine D5 receptor failed to increase surface expression of the μ-opioid
receptor. It is presently unknown how the μ-opioid receptor/D1 heteromer is
linked to the A1/D1 heteromer within the striatonigral–striatoentopeduncular GABA
pathways.

10.4.2.10 The D1/NMDA Receptor Mosaic

Dr. Fang Liu and collaborators [133, 134] have obtained evidence for a dual regu-
lation of NMDA receptor function by direct receptor–receptor interactions with the
DA D1 receptor. Two regions of the C-terminal tail of the D1 receptor interact with
the NMDA receptor. One region has been found to directly interact with the NMDA
receptor subunit NR1-1A. Upon D1 receptor activation this direct interaction is dis-
rupted making it possible for the C-terminal tail of NR1 to recruit calmodulin and
PI-3 kinase, leading to PI-3 kinase activation causing a reduction of NMDA excito-
toxicity. The other region of the D1 receptor region directly interacts with the NR2A.
This direct interaction seems to be involved in reducing NMDA receptor surface
expression and leads to a reduction in NMDA receptor signaling witnessed by an
inhibition of NMDA receptor-gated currents. In contrast, D1-mediated phosphory-
lation mechanisms appear to enhance NMDA surface expression and signaling (see
[92]). Further evidence for the direct D1/NMDA receptor interaction has recently
been obtained in cotransfected COS-7 cells using the bioluminence resonance
energy transfer (BRET) technique [135]. A reciprocal D1/NMDA receptor–receptor
interaction also exists in this RM by which NMDA receptor activation can recruit
D1 receptors to the plasma membrane, thereby leading to an increase in D1 signal-
ing and cAMP accumulation. It is of substantial interest to note that the NR1-1 C1
cassette contains an arginine-rich epitope, whereas the interacting D1 C-terminal
portion contains an acidic epitope with an adjacent glutamic acid and a serine
residue that is susceptible to phosphorylation by casein kinase 1 (CK1) [92]. In
fact, mass spectrometry demonstrated that these two peptide epitopes could inter-
act via an electrostatic interaction. A similar electrostatic interaction is involved in
producing the A2A/D2 heteromerization [89] and may be a general mechanism for
direct physical receptor–receptor interactions [92].

In the striatum, the direct D1/NMDA receptor interaction probably takes place
in the direct D1 receptor-enriched GABA pathway. The D1 receptors are predomi-
nantly located extrasynaptically, and this direct receptor interaction probably occurs
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with extrajunctional located NMDA receptors in the perisynaptic zones surround-
ing the glutamate boutons on the head of the dendritic spines. This is of special
interest since the extrasynaptic NMDA receptor signaling easily leads to excitotoxic
consequences involving the cyclic-AMP response element binding protein (CREB)
dephosphorylation, Ca2+ loading, and depolarization of mitochondria producing the
activation of cell death pathways. These can be counteracted by D1 activation.

Instead, the synaptic NMDA receptor signaling may be mainly regulated via
intracellular molecular networks involving PKA-dependent phosphorylation (see
[136]; for review, see [11]). DARPP-32 plays a role in this cAMP-mediated process
that leads to increased synaptic NMDA receptor signaling [137].

Still another site of D1/NMDA interaction in the direct GABA pathway could
be the endoplasmic reticulum (ER) [92], where PKA- and PKC-induced phospho-
rylation of sites close to the arginine-rich epitope of the NR1-1 subunit counteracts
ER retention favoring its membrane surface recruitment [138]. This may be one
of the mechanisms underlying D1-induced increases of synaptic NMDA receptor
expression at the plasma membrane [139]. It should be mentioned that the D1/NR1-
1 subunit complex only translocates to the surface membrane when bound to the
NR2 subunit [135]. Furthermore, the D1/NMDA receptor heteromerization may
be strengthened by NMDA receptor-induced D1 phosphorylation by activation of
CK1 [92].

10.4.2.11 The D2/NMDA Receptor Mosaic

This receptor mosaic is formed by a direct interaction between the C-terminal por-
tion of the NR2B subunit and the N-terminal portion (within the first 32 residues
adjacent to the calmodulin-binding domain) of the third intracellular loop (IC3)
of the D2 receptor as demonstrated by blot overlay assays [140]. Through coim-
munoprecipitation, this receptor mosaic is found to be located within microdomains
of postsynaptic densities of striatal glutamate synapses. It was found to be con-
stitutively present but enhanced through an increased D2 activation produced
by cocaine administration. The functional consequences are an interference with
the binding of Ca2+/calmodulin-dependent protein kinase II to NR2B that leads
to the diminished phosphorylation of NR2B and a reduction of NMDA recep-
tor signaling (an inhibition of NMDA-mediated currents). Thus, D2 receptors by
participating in different receptor mosaics in the striato-pallidal GABA neurons
and in the glutamate terminals that innervate them can exert powerful inhibitory
actions on these neurons. Multiple actions of D2 receptors in separate RMs in
discrete local circuits lead to inhibition of glutamate release (A2A/D2/mGluR5
RM in glutamate afferents), reduction of synaptic NMDA signaling (D2/NMDA
RMs in glutamate synapses), and inhibition of L-type voltage-dependent calcium
channels (perisynaptic A2A/D2/mGluR5 RMs). Such a panorama of actions allows
D2 receptors to effectively silence striato-pallidal GABA neurons and remove
motor inhibition. Electrostatic epitope–epitope interactions play a critical role
in the formation of such RMs as shown in the pioneering work of Dr. Amina
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Woods and collaborators where the arginine–phosphate interaction represents a
general mechanism for protein–protein interactions [141]. This work also empha-
sizes that phosphorylation–dephosphorylation processes play an important role in
these receptor–receptor interactions, since phosphate stabilizes these intermolecular
interactions [141].

10.4.2.12 The D5/GABA-A Receptor Mosaic

The D5/GABA-A receptor heteromerization was discovered by Dr. Fang Liu et al.
[142] and was the first demonstration of a GPCR/ligand-gated ion channel receptor
mosaic. Along with this discovery came the first evidence that GPCRs can mod-
ulate synaptic strength via direct receptor–receptor interactions in the membrane
(see [7, 8, 10, 143]). There exists an interaction between the C-terminal tail of the
D5 receptor and the γ2 (short) subunit of the GABA-A receptor. The results indi-
cated that agonist coactivation of D5 and GABA-A receptors was required for the
formation of the RM. This appears to allow a direct bidirectional cross talk within
the RM resulting in a reduction of the synaptic strength of GABA-A signaling and
reduced D5 signaling via reduced D5/Gs protein coupling. This receptor mosaic may
also allow a cotrafficking of the D5 receptors. It seems that these receptor mosaics
may exist not only in hippocampal neurons but also in striatal medium-sized neu-
rons and striatal interneurons in view of the existence of both D5 and GABA-A
receptors in these neuronal systems [144]. However, so far the decrease of GABA-
A receptor signaling in striatum via D1-like receptors has mainly been found to
be a result of changes in phosphorylation involving the PKA/DARPP-32 cascade
[145]. Regarding the possible existence of D2/GABA-A receptor mosaics, it may
be commented that there exists evidence for striatal GABA-A/D2 receptor–receptor
interactions in membrane preparations, as studied at the level of D2 recognition (see
[146]). In the prefrontal cortex there exists evidence that D2 activation can reduce
GABA-A receptor signaling that may include transactivation of the platelet-derived
growth factor receptors [147]. However, it is unknown if this receptor interaction
involves a direct D2/GABA-A receptor–receptor interaction.

10.4.2.13 Putative D2-Receptor Tyrosine Kinase Receptor Mosaics

It has recently been discovered that the DA D2 receptor stimulation of mitogen-
activated protein kinases is mediated by a cell type-dependent transactivation
of receptor tyrosine kinases (RTK) [148]. There may also exist RTK ligand-
independent mechanisms for RTK transactivation with participation of both GPCRs
and the RTK in a multi-receptor signaling complex [149, 150]. In fact, D2 recep-
tor agonist increases the coimmunoprecipitation of D2 and epidermal growth factor
(EGF) receptors in neuroblastoma cells, thereby suggesting that D2 receptor acti-
vation induces the formation of a macromolecular signaling complex [148] as a
D2/RTK type 2 receptor mosaic.
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10.5 General Comments on Receptor Mosaics

A dimeric and high-order RM is a quaternary structure in which networks of elec-
trostatic interactions, hydrogen bonds and van der Waals forces shape the geometry
of the single receptors and of the entire RM. This aspect has been discussed in the
frame of the free energy landscape and, in particular, of intravalley and intervalley
motion in this landscape which can be driven by the actions of several factors such
as pH, temperature, and chemical composition of the medium.

This concept allows one to analyze protein geometry and protein function. As a
matter of fact, a protein can assume a large number of similar conformations that
are close to but differ in some details from its average conformation. Thus, there is
a landscape for single receptors that can influence the formation of RMs. The land-
scape of the entire RM determines the possible global conformations (quaternary
structure) in which each conformational state can be associated with a particular
integrative function of the RM. When discussing the electrostatic epitope–epitope
interactions between receptors in RMs, like those occurring in the A2A/D2 receptor–
receptor interaction, it will be of interest to evaluate the influence of the slaved
(“random”) motions which are proportional to the fluctuation rate of the solvent
versus the nonslaved (e.g., “agonist-induced”) motions which are independent of
the solvent fluctuations [151]. It has been proposed that if an agonist causes a signal
associated with an increased stability of a RM, there may develop a tightening of
the receptor–receptor interactions in the oligomer [152].

10.6 Conclusions

Unique functional DA receptor dimeric and high-order RMs exist in plasma mem-
brane microdomains of different nerve cell populations of the basal ganglia and
represent a crucial mechanism for the integration of signals especially in the dorsal
and ventral striatum. By being part of horizontal and vertical molecular networks
of the cell surface membrane, these DA RMs can make possible a proper tuning
of multiple effector systems. These systems include GIRK channels, AC, PLC, and
DAT activity in which scaffolding and adapter proteins can play an important role.
Synaptic strength of ligand-gated ion channels such as GABA-A and NMDA recep-
tors can be modulated by DA-R, e.g., in the striatal GABA output neurons through
the formation of receptor mosaics mainly built up of such ion channel receptors and
DA receptor subtypes and that are located both synaptically and extrasynaptically.
Therefore, receptor–receptor interactions in a multitude of DA receptor-containing
RMs play a major role in the “information handling” in the basal ganglia [153, 154].
In this way, the integration of information in the DA receptor-containing RMs is
optimized leading to an appropriate control of ion channel activity and excitability
as well as gene expression within neuronal systems regulated by DA transmission.
High-order DA receptor-containing RMs could have a special role in motor learn-
ing and memory in the striatum and newly formed RMs of this type may represent
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the molecular basis for motor engrams (see [38]). It is clear that the DA receptor-
containing RMs represent novel molecular targets for drug development against
mental and neurological diseases [20].
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Chapter 11
Dopamine Receptor Modulation of
Glutamatergic Neurotransmission

Carlos Cepeda, Véronique M. André, Emily L. Jocoy, and Michael S. Levine

Abstract Dopamine (DA), a prominent neuromodulator in the brain, regulates
neuronal excitability and synaptic transmission. These actions are effected through
diverse DA receptor subtypes whose effects vary as a function of a number
of factors including pre- or postsynaptic localization and the intracellular sig-
naling cascades they activate. We have chosen the corticostriatal synapse as a
model to study the interactions between DA and glutamate, the major excita-
tory neurotransmitter for striatal inputs. In the striatum, DA receptors modulate
glutamate release via presynaptic mechanisms and synaptic responses mediated
by activation of postsynaptic glutamate receptors through alterations in voltage-
gated channels, phosphorylation of glutamate receptor subunits, as well as physical
interactions with other receptors. The outcomes of these actions are diverse and
can lead to opposite or synergistic effects. These multiple effects are important
to keep the balance between striatal output pathways to coordinate sensorimotor
integration.

Keywords Dopamine receptors · Glutamate · Interactions · NMDA

11.1 Introduction

Dopamine (DA) and glutamate receptor interactions provide a necessary and
important substrate for numerous brain functions. Ionotropic glutamate receptors
mediate fast excitatory neurotransmission and DA receptors modulate neuronal
excitability and the actions of multiple neurotransmitter systems. Alterations in the
density and/or sensitivity of these receptors occur in pathological conditions such
as Parkinson’s (PD) and Huntington’s diseases (HD), schizophrenia, and attention
deficit hyperactivity disorder, to name a few.
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DA and glutamate receptor interactions are complex and their outcomes depend
on multiple factors including receptor subtype, site of action (i.e., pre- or postsy-
naptic), timing of inputs, and concentration of neurotransmitter. After the discovery
of different subtypes of glutamate and DA receptors, the number of potential
interactions and their mechanisms has multiplied because glutamate and DA recep-
tor subtypes elicit their actions by using multiple signaling pathways. Thus, the
outcomes of interactions between these receptor families can be very diverse.

Recently, exciting findings have added new levels of complexity to these already
intricate systems. For example, in addition to intracellular interactions via second
messenger transduction pathways, the presence of physical interactions between
glutamate and DA receptors at the membrane and cytoplasm levels has been
revealed. Furthermore, the generation of mice deficient in specific DA receptors
or glutamate receptor subunits and also of mice expressing enhanced green fluores-
cent protein (EGFP) under the control of specific DA receptor subtype promoters
has provided new tools for the study of the relationships between DA and glutamate
receptors. In this chapter we have chosen the corticostriatal synapse as a model to
study glutamate and DA receptor interactions because of their relative abundance
and because of their important implications in normal function and in pathological
states involving the basal ganglia.

11.2 Classification of DA and Glutamate Receptors

There is diversity among DA receptors. Five different receptor subtypes have been
cloned. These have been classified into two main families: the D1-like (D1 and
D5 receptor subtypes) and the D2-like (D2, D3, and D4 receptor subtypes) families
[1, 2]. All DA receptors are G protein coupled and primarily alter the production of
3′-5′-cyclic adenosine monophosphate (cAMP) in the cell when activated but also
affect other transduction systems [3].

Glutamate receptors have been classified into two principal groups: ionotropic
and metabotropic receptors. Ionotropic glutamate [α-amino-3-hydroxy-5-methyl-4-
propionate (AMPA), kainate (KA), and NMDA] receptors are ligand-gated cation
channels, whereas metabotropic glutamate receptors are coupled to various signal
transduction systems [4–6]. NMDA receptors are unique in that their activation is
governed by a strong voltage dependence due to receptor-channel blockade by Mg2+

at hyperpolarized membrane potentials [7]. Mg2+ block gives NMDA receptors their
characteristic negative slope conductance. Also, NMDA receptors allow more Ca2+

influx compared to non-NMDA receptors.

11.3 Morphological Basis for DA and Glutamate Receptor
Interactions in Striatum

The striatum is the main input structure of the basal ganglia. It is the nucleus where
afferents from the cerebral cortex, thalamus, and substantia nigra converge and inter-
act. Glutamate is released from cortical and thalamic terminals [8, 9]. DA is released



11 Dopamine Receptor Modulation of Glutamatergic Neurotransmission 283

from nigrostriatal terminals [10]. Because DA and glutamate inputs terminate on the
same spines of striatal medium-sized spiny neurons (MSSNs), these sites offer the
potential for physiological interactions between the DA and glutamate transmitter
systems [11]. Morphological evidence demonstrates the presence of synaptic com-
plexes formed by axospinous contacts in which the dendritic spine is the target of
both an asymmetric (glutamatergic) bouton and a DA-positive symmetric synapse
in striatal MSSNs [12]. This arrangement provides a morphological basis for DA–
glutamate receptor interactions at the synapse. These interactions in the striatum
support major sensory, motor, cognitive, and motivational functions [13–16].

Although all striatal MSSNs are GABAergic, they form separate populations
based on distinct anatomic projections and neuropeptide expression. There are two
major output pathways. The direct pathway consists of MSSNs that predominantly
express D1 DA receptors [17], substance P [18], and dynorphin [19]. These neurons
project to the substantia nigra pars reticulata and the internal segment of the
globus pallidus [17, 20]. The indirect pathway is comprised of striatal neurons that
express predominantly D2 receptors [17], met-enkephalin, and neurotensin [18, 21].
These neurons project to the external segment of the globus pallidus [20, 22]. DA
inputs from the substantia nigra modulate the activity of these pathways, exerting
a net excitatory effect on the direct pathway and a net inhibitory effect on the
indirect pathway [23]. Assuming that D1 and D2 receptor-expressing MSSNs are
segregated, the balanced opposition of these output systems is required to produce
correlated and balanced activity. The prevailing hypothesis is that direct pathway
promotes desired movements [24] while the indirect pathway inhibits unwanted
movements [25].

The degree of DA receptor colocalization in the striatum remains an unresolved
question. In particular, the percentage of MSSNs colocalizing D1 and D2 receptors
varies from a low of 5% to a high of 80% depending on the experimental conditions
[17, 26–30]. The recent generation of mice expressing enhanced green fluorescent
protein (EGFP) as a marker of D1 and D2 receptor-containing striatal MSSNs [31]
supports the idea that these receptors are segregated to different populations. In
our hands, using single-cell RT-PCR in EGFP-expressing MSSNs, colocalization
occurs only in about 10% of neurons from dorsal striatum [32]. However, a recent
report demonstrated that EGFP probably underestimates the numbers of D1- or
D2-expressing neurons because of difficulties detecting neurons that express low
titers of receptors [33]. With regard to colocalization of DA receptors with various
glutamate receptor subunits, evidence has shown that a high degree of coexpres-
sion occurs in striatal neurons [29]. This provides a morphological framework for
physiological interactions.

11.4 DA Receptors Modulate Neuronal Excitability by Altering
Voltage-Gated Conductances

For a more exhaustive examination of how DA modulates voltage-gated channels
please see Chapter 7. Here we only summarize aspects that are directly relevant for
DA–glutamate receptor interactions. Electrophysiological experiments have shown
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that DA reduces most of the voltage-activated inward and outward currents in striatal
neurons [34–36] and these reductions have complex effects on cell excitability. For
example, D1-like receptor agonists reduce the amplitude of evoked Na+ currents
in the vast majority of cells but they also reduce a slowly inactivating K+ current
(favoring the transition to a depolarized membrane potential). In contrast, D2-like
agonists enhance this current. In addition, D1 receptor activation can produce dif-
ferential effects on high-voltage-activated (HVA) Ca2+ currents depending on the
specific type of current activated. D1-like receptor agonists reversibly reduce N- and
P-type HVA currents, probably via the cAMP–protein kinase A (PKA) transduc-
tion cascade. However, in a subset of neurons, D1-like receptor-mediated activation
enhances L-type HVA current [37]. These observations imply that DA produces dif-
ferential effects on D1 and D2 receptor-containing MSSNs, hence affecting their
excitability and readiness to respond to excitatory and inhibitory inputs. MSSNs
containing D1 receptors will respond to phasic release of DA with depolarization
and increased Ca2+ through L-type channels. In contrast, D2 receptor-containing
neurons will remain hyperpolarized and Ca2+ influx will be reduced.

11.5 DA Modulation of Glutamate Release

DA receptors are present on presynaptic terminals where they can modulate neu-
rotransmitter release [38]. In the dorsal striatum, D2 receptors have been found on
corticostriatal terminal endings and function to decrease glutamate release by presy-
naptic mechanisms [39]. While early pharmacological studies provided evidence
that DA is capable of altering glutamate release, probably via D2-like receptors
[40–44], more recent evidence for presynaptic mechanisms was obtained using
electrophysiological methods [45–48]. Studies in mice lacking D2 receptors also
provide compelling evidence that presynaptic D2 receptors can function as gate-
keepers of glutamate release, i.e., primarily preventing excessive excitation in the
striatum [39]. Further, optical techniques visualizing neurotransmitter release via
destaining of terminals after incorporation of FM1-43, a styryl dye, have provided
definite confirmation of D2 receptor modulation of glutamate release at corticos-
triatal synapses [49]. Interestingly, DA inhibition of glutamate release appears to
be frequency dependent as it increases as the rates of stimulation of corticostriatal
inputs increase. DA inhibition is minimal with low-frequency stimulation (1 Hz)
but increases with higher rates of stimulation (20 Hz). Thus, DA acts as a low-
pass filter selective for terminals with low probability of release [50]. In this way,
DA released by salient stimuli can directly regulate striatal neurotransmission by
selecting specific sets of corticostriatal projections [49].

DA–NMDA receptor interactions can also modulate glutamate release indirectly
through retrograde mechanisms. For example, enhancement of NMDA receptor
function by D1-like receptor activation increases adenosine release which then
acts as a retrograde messenger to reduce glutamate release in nucleus accumbens
neurons [51]. DA also modulates excitatory transmission by means of retrograde
endocannabinoid signaling in dorsal striatum [52]. Thus, confirming previous
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results [49], activation of D2 receptors reduces glutamatergic transmission only
when receptor activation is combined with stimulation of cortical afferents at high
frequencies (20 Hz). However, for this low-pass filtering function the authors pro-
vided evidence for a retrograde signal resulting from convergent DA and glutamate
inputs that cooperate to produce endocannabinoid synthesis and release from the
postsynaptic cell [52]. This retrograde signal reduces glutamate release by activation
of CB1 receptors on presynaptic terminals.

11.6 DA Modulation of Glutamate Receptor-Mediated Responses

The question whether or not DA is able to modulate directly excitatory postsynaptic
responses, at least in dorsal striatum, remains controversial. While we and others
observed clear DA modulation, other studies found no effect [53, 54]. We have
provided possible explanations about why modulation was not observed [55–57].
One possibility is that the K+ concentration was very low and the resting membrane
potential of striatal neurons was extremely hyperpolarized. At these potentials, a
number of voltage-dependent conductances may not be available for modulation. In
addition, Nicola and Malenka used very young animals (<3 weeks). DA modulation
at this age is minimal in the dorsal striatum. Finally, they did not use selective D1- or
D2-like receptor agonists and they did not stimulate the white matter–cerebral cortex
junction, the location which is more likely to produce glutamate receptor-mediated
responses.

One problem involved in understanding the modulation of ligand-gated currents
is how to tease apart indirect effects on voltage-gated conductances from those that
are independent of these conductances [36]. This question may be difficult to resolve
as DA activates multiple intracellular cascades that lead to phosphorylation of both
glutamate receptor subunits and voltage-gated channels [58]. In the past we pos-
tulated that the most parsimonious explanation of DA’s effects is the existence of
redundant and cooperative actions involving both voltage- and ligand-gated con-
ductances [56]. Regardless of the mechanisms, it has become clear that DA can
alter glutamate receptor-mediated inputs as demonstrated in Sections 11.6.1, 11.6.2,
11.6.3, 11.6.4, 11.6.5, and 11.6.6. The main DA–glutamate receptor interactions are
illustrated in Fig. 11.1.

11.6.1 DA and D2-like Receptors Decrease AMPA
Receptor-Mediated Responses

Early studies using extracellular recordings and iontophoresis showed that DA
decreased spontaneous or glutamate-induced firing in anesthetized animals
[59]. However, excitatory or mixed effects of DA were also reported [60], and
these effects were hypothesized to be mediated by different DA receptors [61].
Intracellular studies in vivo demonstrated that iontophoretic application of DA
inhibits spontaneous or glutamate-induced cell firing but concomitantly depolarizes
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Fig. 11.1 This schematic illustrates the principal DA–glutamate receptor interactions in striatum
and cerebral cortex. The numbers in parenthesis indicate the section of the chapter where each
interaction is explained. The lower part of each diagram represents a dendritic shaft and a spine,
the upper part represents the DA- and glutamate-releasing terminals. A–E are interactions pri-
marily mediated by a number of intracellular signaling cascades. F and G are physical receptor
interactions. In D, a D1–NR1 protein complex is formed in the cytoplasm and shuttled to the
membrane surface

striatal neurons, providing evidence for both excitatory and inhibitory actions of
DA [62].

Results from in vitro preparations showed that most actions of DA were
inhibitory [63]. To explain the reduction in cell firing, DA was proposed to inhibit
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action potentials by reducing inward rectification mediated by sodium channels.
DA also reduced excitatory postsynaptic potentials but this effect was dependent
on the membrane potential [63], suggesting that some actions of DA rely on
alterations in voltage-gated conductances only present at depolarized membrane
potentials [64].

It remained unclear whether DA could also act on postsynaptic D2-like receptors
to modulate AMPA receptor-mediated responses. More recently, activation of these
receptors was indeed shown to exert inhibitory effects on AMPA responses [65, 66].
Further confirmation of direct postsynaptic modulation was obtained using an iso-
lated cell preparation [67]. Interestingly, in these experiments the magnitude of the
inhibition appeared to depend on the morphological integrity of the dendritic arbor
of MSSNs and/or the amplitude of the current. Isolated cells with few and short
dendrites produced small AMPA currents and modulation by the D2-like receptor
agonist quinpirole was small and inconsistent. In contrast, in cells with a more intact
dendritic arbor, AMPA produced larger currents and the decrement in the current in
the presence of quinpirole also was greater. Cyclothiazide, by preventing AMPA
receptor desensitization, increased the amplitude of the current, and the degree of
modulation by the D2-like agonist was increased. In slices where most of the den-
drites are present, the inhibitory effects of quinpirole are very consistent [67]. These
findings suggest that the topography and/or subcellular distribution of glutamate
and DA receptors plays an important role in the modulation of AMPA currents
[29]. For example, it is possible that AMPA receptor density and subunit compo-
sition of somatic receptors differ from those found on the dendrites and spines.
Morphological studies have shown that the density of AMPA and D2 receptors is
higher on spines and dendrites than on the soma [68, 69], reflecting the preferential
mode of termination of cortical afferents [12].

What is the mechanism underlying D2-like receptor modulation of AMPA cur-
rents? AMPA receptor properties result from the combination of distinct subunits
(GluR1–GluR4) and their state of phosphorylation [70, 71]. A balance between
kinase and phosphatase activity is also an important determinant in the regulation
of AMPA receptor function [72]. In MSSNs there is evidence that D2-like recep-
tor activation affects intracellular Ca2+ concentrations [73, 74] and therefore kinase
and phosphatase activity. GluR1–3 subunits of the AMPA receptor are expressed
in MSSNs [75–77]. The GluR1 subunit is mainly located on dendrites where
asymmetrical synapses are established [75] and is phosphorylated at Ser845 by PKA
following DA application [78], enhancing AMPA currents [79, 80]. Therefore, any
disruption in PKA function which favors phosphatase activity may reduce AMPA
currents. D2-like receptor activation reduces cAMP production through a G protein-
mediated mechanism that also reduces the phosphorylation of the dopamine- and
3′,5′-cyclic adenosine monophosphate (cAMP)-regulated phosphoprotein of 32 kDa
(DARPP-32) [81, 82], a protein involved in AMPA receptor phosphorylation in the
striatum [83]. D2-like receptor activation also could increase the activity of the pro-
tein phosphatase calcineurin, which dephosphorylates DARPP-32. Both of these
processes lead to a decrease in PKA activity [82] and GluR1 phosphorylation which,
in turn, could reduce AMPA currents.
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11.6.2 D1-Like Receptors Can Increase AMPA Receptor-Mediated
Responses

Modulation of AMPA channels by D1-like receptors is relevant to striatal function
because it is another mechanism by which the efficacy of glutamatergic neuro-
transmission can be regulated. In our original study on DA–glutamate receptor
interactions in slices, we demonstrated that AMPA receptor-mediated responses are
generally potentiated by concurrent activation of D1-like receptors [65]. Activation
of D1-like receptors in cultured striatal neurons also promoted phosphorylation
of AMPA receptors by PKA as well as potentiation of current amplitude [84].
Similarly, in acutely isolated MSSNs, activation of D1-like receptors stabilized
AMPA currents by preventing the rundown that is observed during repeated applica-
tions of the agonist [83]. This effect was explained by increased phosphorylation and
decreased dephosphorylation of AMPA channels that required inhibition of PP-1
activity by phosphorylated DARPP-32 [83].

In MSSNs from nucleus accumbens, incubation with a D1-like receptor agonist
increased surface expression of GluR1 subunits [85, 86]. This effect has important
functional consequences as increased surface expression of AMPA receptors would
enhance AMPA receptor transmission, a finding supported by in vivo experiments
recorded from MSSNs [87].

11.6.3 DA and D1-Like Receptor Activation Enhances NMDA
Receptor-Mediated Responses

DA and D1-like receptor-mediated potentiation of NMDA responses was first
described in human cortex and rodent striatum 15 years ago [65, 88]. Since then,
with only a few notable exceptions [53, 54], this enhancement has been verified
in these and other brain structures [51, 55–57, 65, 66, 84, 88–99]. D1-like recep-
tor enhancement of NMDA responses can be mediated by a number of redundant
and cooperative signaling cascades in the striatum [55, 100]. The most prominent
involve PKA and DARPP-32 [56, 89, 94], phosphorylation of NMDA receptor
NR1 subunits [101], and activation of voltage-gated Ca2+ channels, particularly
L-type channels [90, 97]. In other cerebral regions different mechanisms may be
in place. For example, in nucleus accumbens NMDA receptor potentiation by phos-
pholipase C-coupled D1-like receptors occurs via protein kinase C (PKC) activation
[93]. Similarly, in cortical pyramidal neurons intracellular application of the Ca2+

chelator, calmodulin, or inhibition of PKC activity significantly reduces the poten-
tiation of NMDA currents, indicating that this interaction can occur independent of
PKA [92].

Activation of D1 receptors can alter the surface distribution of NMDA receptors
[78, 102]. For example, D1 receptor activation produces an increase in NR1, NR2A,
and NR2B proteins in the synaptosomal membrane fraction [103] that is depen-
dent on Fyn protein tyrosine kinase but not DARPP-32 [104]. Based on the fact
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that NMDA and D1 receptors partially overlap in dendritic spines, protein–protein
interactions might direct the trafficking of D1 and NMDA receptors to the same
subcellular domain.

The mechanism by which D1 receptors are delivered to different spine domains
has been examined in co-immunoprecipitation studies [105]. In the striatal post-
synaptic density, the D1 receptor selectively complexes with the NR1 subunit of
the NMDA channel through its C-terminus. The physical proximity between D1
receptors and NR1 subunits can be explained by the formation of constitutive pro-
tein dimers. Oligomerization with the NMDA receptor thus regulates D1 receptor
targeting to the plasma membrane. When the D1 receptor and the NR1 subunit
are coexpressed in HEK293 cells, the D1 receptor is only partially targeted to the
cell membrane, with the majority of D1 receptor staining retained in cytoplasmic
structures where it is colocalized with NR1. Coexpression of the D1 receptor with
both the NR1 and NR2B subunits relieves the cytoplasmic retention of the com-
plex, allowing insertion of both the NR1 subunit and the D1 receptor at the plasma
membrane, where they are completely colocalized. These data suggest that D1 and
NMDA receptors are assembled as oligomeric units in the endoplasmic reticulum
and transported to the cell surface as a preformed complex [105]. This implies that
a direct protein–protein interaction with the NMDA receptor is one of the mecha-
nisms directing the trafficking of D1 receptors to specific subcellular compartments.
Furthermore, this direct interaction may be crucial to recruit the D1 receptor to the
place where synaptic activity is occurring and to keep it in close proximity with the
NMDA receptor to allow rapid cAMP–PKA–DARPP-32-mediated potentiation of
NMDA transmission [105].

11.6.4 D1-Like Receptor Activation Can Depress NMDA
Responses by Physical Receptor Interactions

In specific circumstances D1-like receptor activation can lead to reduction of NMDA
responses. In addition to regulating subcellular localization, the physical inter-
actions between these receptors also allow cross talk via receptor linkages. The
C-terminus of the D1 receptor physically interacts with both NR1 and NR2A NMDA
receptor subunits [106]. This protein–protein interaction has functional relevance
because D1-like receptor activation decreases NMDA currents when PKA and PKC
activations are blocked. The reduction of NMDA currents is caused by the interac-
tion of D1 receptors with the NR2A subunit and occurs through a decrease in the
number of cell surface receptors [106]. The D1 interaction with the NR1 subunit
has been implicated in the attenuation of NMDA receptor-mediated excitotoxicity
through a phosphatidylinositol 3-kinase-dependent pathway. The D1–NR1 interac-
tion also enables NMDA receptor activation to increase membrane insertion of D1
receptors [107].

The observation that physical receptor–receptor interactions reduce NMDA cur-
rents when second messenger pathways are blocked has been complicated by the
demonstration that other mechanisms independent of D1-like receptor activation
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can produce similar effects. A recent study revealed that one mechanism under-
lying reduction of NMDA currents is direct channel pore block of NMDA receptors
by DA and several D1-like receptor ligands [108]. Thus, without excluding the pos-
sibility that receptor–receptor interactions may lead to functional modulation, the
inhibitory effects of DA or its agonists and antagonists require further examination
since they may also directly occlude the channel.

11.6.5 The NMDA–D1 Receptor Trap

In primary cultures of striatal neurons, activation of NMDA receptors increases
the recruitment of D1 but not D2 receptors into the plasma membrane [109]. This
translocation is abolished in the presence of an NMDA receptor antagonist or by
removing Ca2+. In addition, after NMDA treatment, a dramatic increase in the num-
ber of D1 receptor-containing spines occurs. The translocation of D1 receptors to
the plasma membrane has been confirmed in subcellular fractionation experiments
using slices of adult rat striatum. Furthermore, in organotypic cultures from rat stria-
tum application of NMDA causes an increase in D1 receptor-positive spines [110].
Surprisingly, under these conditions, this effect is independent of Ca2+ and also
occurs in the presence of Mg2+ indicating that, in addition to the Ca2+-dependent
recruitment of D1 receptors by activation of NMDA receptors seen in primary cul-
tures, other NMDA receptor-dependent mechanisms can cause redistribution of D1
receptors to spines. This, according to the authors, is achieved by a diffusion-trap
mechanism in which subsets of D1 receptors that typically move by lateral diffusion
in the plasma membrane get trapped in the spines when NMDA binds to its receptor.
Exposure to NMDA reduces the diffusion rate of D1 receptors and allows the for-
mation of D1–NMDA heteroreceptor complexes. This process could be explained
by the allosteric theory of receptor activation [111]. After ligand binding, one con-
formation of the receptor is stabilized, shifting the equilibrium toward this state, so
that occupation of the binding site of the NMDA receptor favors a conformation
that will bind to D1 receptors and stabilizes them in spines. Thus, D1 and NMDA
receptor heteromers can be formed both constitutively prior to insertion of the recep-
tors in the membrane [105] and in a NMDA receptor-regulated manner within the
membranes of dendritic spines [110].

11.6.6 DA, via D2-Like Receptors, Reduces NMDA
Receptor-Mediated Responses

In contrast to the enhancing effects of D1-like receptors on NMDA receptor-
mediated responses, D2-like receptor activation leads to inhibitory effects [65, 66].
This may be relevant to preventing excessive activation of NMDA receptors and
its consequent Ca2+ accumulation which could be deleterious for the neuron. For
example, DA and the D1-like receptor agonist SKF38393 increase the magnitude of
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NMDA-induced cell swelling, an index of excitotoxicity [112, 113]. This effect is
reduced in the presence of the D1-like receptor antagonist SCH23390 demonstrat-
ing specificity. In contrast, activation of D2-like receptors with quinpirole results
in decreased cell swelling [112]. These results provide evidence that DA receptors
have the potential to modulate excitotoxicity in the striatum, a process that has been
suggested to be responsible for cell dysfunction and, ultimately, cell death as occurs
in HD.

Compared to D1-like–NMDA receptor interactions, much less is known about
the mechanisms by which D2-like receptor activation leads to reduction of NMDA
currents. Decreased cAMP production and PKA activity are certainly potential
mechanisms. D2-like receptors can also modulate neuronal excitability by activating
the PLC–IP3–Ca2+ cascade [73]. However, at least in cortical pyramidal neurons,
D2-like receptor attenuation of NMDA responses does not require intracellular Ca2+

or PKA inhibition but requires activation of GABAA receptors, suggesting that this
effect is mediated through excitation of GABA interneurons [97].

D4 receptors are abundant in the prefrontal cortex [114] and may play an impor-
tant role in schizophrenia and other psychiatric disorders [115]. Mice without D4
receptors show signs of hyperexcitability [116]. Application of a D4 receptor agonist
produces a decrease of NMDA currents via inhibition of PKA, activation of PP1, and
the consequent inhibition of Ca2+–calmodulin-dependent kinase II (CaMKII) [117].
In CA1 pyramidal neurons quinpirole depresses excitatory transmission mediated
by NMDA receptors by increasing release of intracellular Ca2+. This depression
is dependent on transactivation of platelet-derived growth factor β by D4 recep-
tors [118]. In prefrontal cortical neurons similar effects were found but they were
mediated by D2/3 receptors [119].

Physical coupling between D2 receptors and NR2B subunits can also reduce
NMDA currents [120]. The mechanism underlying this effect involves disruption
of the association between NR2B and CaMKII, thereby reducing subunit phos-
phorylation. It is believed that the D2–NR2B interaction plays a critical role in the
stimulative effect of cocaine [120].

11.7 Genetic Manipulations of DA–Glutamate Receptor
Interactions

The generation of mice lacking specific receptors or receptor subunits using genetic
engineering marked a new era in the study of receptor function. These tech-
niques have permitted the development of mice deficient in selective DA receptors
or NMDA receptor subunits. Previous studies demonstrated that in D1 receptor-
deficient mice DA potentiation of striatal NMDA responses was greatly reduced
[66]. Similarly, glutamate release along the corticostriatal pathway was enhanced in
D2 receptor knockout animals [39]. We are examining the enhancement of NMDA
currents in mice lacking NR2A subunits [121]. In preliminary studies, D1-like
receptor modulation of these currents is similar in MSSNs from NR2A knockout
mice and their controls. Additionally we examined D2-like receptor attenuation of
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NMDA responses in these mice and again found no statistically significant dif-
ferences in modulation. Taken together, these results suggest that the presence or
absence of the NR2A subunit does not affect D1-like or D2-like receptor modula-
tion of NMDA receptor-mediated currents. These studies are relevant to DA–NMDA
interactions as modulation of NMDA currents by DA receptors may be mediated
by phosphorylation of specific receptor subunits or by physical coupling. Further,
recent evidence indicates that specific NMDA receptor subunits may play different
roles in synaptic plasticity and excitotoxicity [122–124].

Recently, mice that express EGFP reporter genes in a variety of cells have been
generated [31]. In particular, mice that express specific DA receptor subtypes repre-
sent an important tool to differentiate neuronal subpopulations within the striatum
[32]. Although in MSSNs DA or its agonists almost always modulate responses
induced by NMDA receptor activation, the magnitude of this modulation varies
from cell to cell. This is likely due to the fact that D1 and D2 receptors are largely
segregated in different populations of MSSNs.

We currently are examining DA–NMDA receptor interactions in acutely dissoci-
ated D1 and D2 EGFP-positive MSSNs. Application of the D1-like receptor agonist
SKF81297 dose-dependently and reversibly increased NMDA currents in D1 but
not in D2 cells. NMDA current enhancement was prevented by the D1-like receptor
antagonist SCH23390 (data not published). In contrast, quinpirole dose-dependently
and reversibly decreased NMDA currents in D2 but not in D1 cells and the effect was
blocked by the D2-like receptor antagonist remoxipride. At the highest concentra-
tion quinpirole also induced decreases of NMDA currents in about 25% of D1 cells,
suggesting colocalization of D1 and D2 receptors in a subset of MSSNs [125].

11.8 A Model of Striatal DA–Glutamate Receptor Interactions

According to the classical model, the basal ganglia in conjunction with thalamo-
cortical circuits can be viewed as components of multiple parallel, segregated
circuits [24]. Behavioral coordination is achieved by balanced activity within the
direct and indirect pathway MSSNs that is regulated by differential actions of DA
[23]. DA acting on D1-like receptors increases activity along the direct pathway
but acting on D2-like receptors it reduces activity along the indirect pathway [23].
However, strong electrophysiological evidence for these actions of DA has been
missing. Our findings demonstrating differential effects of DA based on the DA and
glutamate receptor subtypes preferentially activated have provided a framework to
begin to explain several assumptions of the model. In this framework, some interac-
tions are highly predictable whereas others are less predictable. Inhibitory effects of
DA are very predictable when high-affinity D2-like receptors are activated, as dur-
ing tonic release of DA. In these conditions glutamate release is reduced and AMPA
receptor-mediated responses are depressed. Such effects could induce elimination
of specific behaviors. In contrast, facilitatory actions are very predictable when
low-affinity D1-like receptors are activated, as occurs during phasic release of DA
[126]. Under these conditions NMDA receptor-mediated responses are enhanced
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and would promote synaptic plasticity and production of specific behaviors. A
caveat of this model is that the segregation of D1- and D2-like receptors is not
absolute and a number of MSSNs colocalize both receptors and/or send projections
to the direct and indirect pathways [28, 127]. However, since the proportion of DA
receptor colocalization may be very low, these caveats do not jeopardize the general
validity of the model.

11.9 Functional Relevance of DA–Glutamate Receptor
Interactions

The ultimate outcome of DA–glutamate receptor interactions will depend on a num-
ber of factors including temporal and topographic aspects [55, 100]. The outcome
of activation of interacting receptors may depend heavily on the temporal sequence
of neurotransmitter release. For example, activation of D1-like receptors due to DA
release caused by unexpected reward can prime particular corticostriatal synapses
and recruit D1–NMDA receptor complexes in a more regulated manner [105] to
induce rapid potentiation of glutamatergic corticostriatal synapses. Furthermore,
timing is an important requirement for this type of synaptic plasticity because DA
release should occur before excitatory afferents are activated in order to induce the
potentiation [128]. Massive DA release due to unexpected reward enhances the rele-
vance of the stimulus by potentiating NMDA responses. This process is particularly
important in MSSNs enriched with D1 receptors that promote approach behaviors.

DA concentration and the mode of release are also important. Phasic release
may produce different effects than tonic release. MSSNs are constantly bombarded
by cortical and thalamic inputs, and tonic release of DA filters a sizable percent-
age of these glutamatergic inputs through D2 receptors located on presynaptic
terminals [45, 49]. Higher local concentrations of DA, which occur when it is
phasically released [126], are likely to activate D1 receptors and enhance selected
corticostriatal synapses.

Activation of D2-like receptors reduces glutamate release and the amplitude of
the excitatory postsynaptic potential by pre- and postsynaptic mechanisms [39, 45,
46, 67]. It is plausible that D2-like receptor stimulation could counter or prevent
exacerbated excitation of MSSNs induced by activation of D1-like receptors. This
is important in terms of the physiological and pathological role of glutamatergic
inputs in the striatum [112]. There are several lines of evidence showing that antag-
onists of NMDA and AMPA receptors have anti-parkinsonian effects, essentially by
attenuating the imbalance between the DA and glutamate pathways within the basal
ganglia network [129]. A possible function of D2-like receptor activation, both pre-
and postsynaptically, could be to prevent a surge of glutamatergic activity that would
otherwise be deleterious to MSSNs.

In neurodegenerative diseases DA–NMDA interactions also play an important
role as unregulated enhancement of excitation, particularly excitation mediated by
NMDA receptors, will cause neuronal dysfunction and disturb structural neuronal
integrity. For example, the excitotoxicity hypothesis of HD posits that excessive
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glutamate release at the corticostriatal terminal or altered sensitivity of postsynaptic
NMDA receptors and their signaling systems can induce cell death [130]. Studies
in genetic mouse models of HD have confirmed increased sensitivity of NMDA
receptors in MSSNs [131–133]. However, the precise location of NMDA receptors
in synaptic or extrasynaptic compartments determines the outcome of receptor acti-
vation. In hippocampal neurons, activation of synaptic NMDA receptors triggers an
anti-apoptotic pathway, whereas activation of extrasynaptic NMDA receptors may
cause cell death [134].

Assuming that activation of NMDA receptors recruits more functional D1 recep-
tors into the plasma membrane [107, 109, 110] and that these D1 receptors in turn
recruit more NMDA receptors [103], a positive feedback mechanism can be cre-
ated and the outcome of these interactions can be deleterious for the neuron if
it is not stopped [135]. Both D1 and NMDA receptors independently exert toxic
effects on striatal neurons. In addition, D1-like receptor activation also potentiates
NMDA toxicity [112]. Thus, a number of protective mechanisms need to be present
to prevent excessive D1-like–NMDA receptor stimulation. Activation of D2-like
receptors could be neuroprotective as it reduces NMDA responses [112, 136]. Other
mechanisms can also be considered. For example, the physical interaction between
D1 and NMDA receptors, independent of cAMP production, and the D2–NR2B
interaction both reduce NMDA currents and excitotoxicity [106]. The diffusion-trap
system could also represent a fast and efficient way to prevent excessive potentiation
of NMDA responses if it makes the D1 receptor less functional, a conclusion that
remains to be verified.

Finally, DA–glutamate receptor interactions also could be important to gain a bet-
ter understanding of PD. For example, a recent report indicated that loss of spines in
models of PD selectively affects D2 EGFP-positive MSSNs [137]. Although strong
evidence was presented that this effect is due to dysregulation of postsynaptic L-type
Ca2+ channels, there may also be a presynaptic contribution. Previous studies had
shown that DA-depleting lesions increase spontaneous glutamate-mediated synap-
tic activity [138, 139]. As this increase selectively affects D2 receptor-containing
MSSNs [32], it is likely that excessive glutamate release becomes neurotoxic
and induces spine elimination. Membrane loss can then induce increases in input
resistance [139], making these cells even more excitable and susceptible to delete-
rious effects of increased glutamate release. Supporting experimental evidence for
this idea was obtained recently by the demonstration that dendritic remodeling of
MSSNs seen in models of PD occurs only secondary to increases in corticostriatal
glutamatergic drive [140].

11.10 Conclusions

It has been 15 years since a differential effect of DA on glutamate receptor-mediated
responses was first observed [88]. As generally occurs with any scientific observa-
tion or hypothesis, explanations become more complex than initially assumed. The
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potential mechanisms and even the outcomes of DA–glutamate receptor interac-
tions continue to multiply. One might speculate that various interactions accomplish
different functions. Some might be intended to enhance, whereas others might be
designed to inhibit the outcome of receptor interactions. In the case of D1-like–
NMDA receptor interactions, the traditional pathway involving D1-like receptor
activation and the cAMP–PKA–DARPP-32 cascade produces various effects that
enhance NMDA receptor function [141, 142].

Physical interactions between these receptors, either in the cytoplasm or in the
membrane, have added new levels of complexity. In these interactions, two path-
ways in the formation of D1–NMDA heteroreceptor complexes are envisaged. One
is G protein and Ca2+ dependent, occurs in the cytoplasm, and delivers the complex
to the plasma membrane, in particular the postsynaptic density [105]. The other is
G protein and Ca2+ independent, is membrane delimited, and could function as an
inhibitory mechanism or brake to prevent and dampen continuous positive feed-
back [106, 109, 110]. These interactions, in conjunction with the more traditional
interactions through signaling pathways, fine-tune neuronal function. Alterations in
these interactions, as occur in pathological states, jeopardize functional and struc-
tural neuronal integrity. A better understanding of DA–glutamate interactions will
thus provide more rational therapeutic targets in numerous diseases where these
interactions are altered.
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Chapter 12
Unraveling the Role of Dopamine Receptors
In Vivo: Lessons from Knockout Mice

Emanuele Tirotta, Claudia De Mei, Chisato Iitaka, Maria Ramos,
Dawn Holmes, and Emiliana Borrelli

Abstract Dopamine exerts its action through membrane receptors that belong to
the seven transmembrane domains (7TM) G protein-coupled receptor family. The
dopamine receptor family is composed of five members, which have been divided
into two subgroups: the D1-like family, which contains the D1 receptor (D1R) and
D5R, and the D2-like family containing D2R, D3R, and D4R. This subdivision
is based on pharmacological, biochemical, and structural properties. Nevertheless,
the close pharmacological properties together with the common anatomical site of
expression of these receptors have induced the interest for generating animal mod-
els with which to assess the function of each individual dopamine receptor in vivo.
To date, there exist mutants for all five receptors, in particular using the knock-
out technology each dopamine receptor has been independently knocked out. In
this chapter we will summarize major findings related to the contribution of each
dopamine receptor in the control of physiological functions regulated by dopamine.
Analyses of these mutants clearly show a preponderant role for dopamine D1R and
D2R receptors in most dopamine-mediated effects. At the same time these mutants
are also revealing more hidden functions for D3R, D4R, and D5R very likely in the
modulation of D1R- and D2R-mediated signaling.

Keywords Dopamine receptors · Knockout technology · Animal models ·
Behavior · Locomotion · Reward

12.1 Introduction

Understanding the mechanisms by which dopamine modulates functions as diverse
as locomotion and reward or pituitary hormone production is a great scientific chal-
lenge. Since its discovery as a neurotransmitter in the 1950s, dopamine has attracted
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the attention of scientists from different disciplines with the common aim to unravel
its mode of action in vivo. The presence of five dopamine receptors (DAR) [1, 2]
together with their overlapping pattern of expression [3, 4] and shared signaling
pathways [5] has not facilitated this task. In addition, members of the D2-like recep-
tor subfamily are expressed into multiple isoforms generated by alternative splicing
events in vivo; of these the best characterized are the long (D2L) and short (D2S)
isoforms of the dopamine D2 receptor (D2R) [5–8], although splice variants have
also been reported for the D3R and D4R [9, 10]. Similarly, while it is possible phar-
macologically to distinguish between D1-like and D2-like receptors, the presence of
multiple members in each subfamily with similar pharmacological properties does
not allow a full characterization of each receptor [1]. This promiscuity arises from
the high molecular, biochemical, and pharmacological similarity existing between
members of the D1-like (D1R and D5R) and D2-like (D2L, D2S, D3R, and D4R)
receptor subfamilies [5], not to mention the possibility that each receptor might
be able to form homo- and heterodimers/polymers and that these different confor-
mations might modify in vivo responses [11], further enhancing the complexity of
studying these proteins.

Thus, the possibility to genetically engineer mice [12, 13] and generate mutants
lacking one particular DAR has been welcome for assessing the specific role of each
receptor in vivo.

12.2 Advantages and Drawbacks of the Knockout Technology

Before discussing the results originated with DAR knockout (KO) mice, a premise
needs to be made. First, KO models represent a great tool for investigating the
role of specific proteins in vivo; however, as any other existent model, they have
advantages as well as drawbacks. The advantages in the studies of the dopaminergic
system have been multiple and we will mention only a few: (a) DAR KO mice have,
indeed, allowed analyzing in vivo how absence of a specific receptor impairs well-
defined dopamine-dependent functions. This would have not been possible using
only pharmacological tools, due to the shared affinity for the same compound of
members of each dopaminergic subfamily. In this respect, KO mice have also been
used to assess the specificity of defined compounds in vivo [14, 15], which would
not have been otherwise possible. (b) In contrast to transient analyses, KO models
also enable to study the impact of loss of a specific receptor throughout the animal’s
life. This aspect is particularly important when analyzing proteins belonging to sys-
tems involved in neurodegenerative disorders such as the dopamine system. It has
been possible, for example, to show that absence of D2-mediated signaling in D2R
KO females leads to development of pituitary tumors, but only as they age [16, 17].

On the other hand, there are drawbacks of the constitutive KO technology that
should not be overlooked. (a) Animals are deprived of the specific receptor as soon
as the gene becomes transcriptionally active and thus even during embryogenesis
(if it has an early expression pattern). This underlies the possible establishment of
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homeostatic responses from the organism to adjust/cope with that loss of function/s.
Therefore, phenotypes of DAR KO mice might partly result from compensatory
mechanisms more than from the ablation of a specific receptor. Although this is a
reasonable eventuality, results obtained from studies of the different DAR mutants
suggest that it might have had very limited effects, at least based on parallels
between acute pharmacological studies and phenotypes of KO mice. (b) A second
debated issue is technical: most commonly KOs are generated from embryonal stem
cells of a different genetic background than that of the recipient embryos. This leads
to animals with mixed genetic backgrounds and the possibility that some behavioral
phenotypes can be influenced by specific background contributions and not by dele-
tion of the gene in itself. For this, littermates from heterozygote mating are used
in order to have comparable wild-type (WT) and mutated mice. When possible,
backcrossing KOs in the genetic background desired, for at least five generations, is
advised [18, 19].

More importantly, the outcome of behavioral analyses performed with DAR KO
mice has generated some controversies; this is a major issue since the behavioral
settings differ in different laboratories. This is a more difficult point to address, as
it would require the development of well-standardized behavioral procedures and
settings common to every laboratory or at least those analyzing the same KO line.

Nevertheless, most published phenotypes have been subsequently confirmed in
different laboratories using independently generated KO lines for the same recep-
tor. Generally, the amplitude of particular impairments might increase/decrease in
mixed backgrounds, but robust phenotypes are maintained whether in mixed or pure
backgrounds. Despite these drawbacks, DAR KOs have contributed and will, in the
future, generate important information on the physiology of these receptors that
would have not been otherwise gathered.

12.3 Lessons from KO Mice

Since 1994 a large series of reports have been published in which DAR knockout
mice were used to establish the role of individual receptors in vivo. Multiple KO
lines have been made in particular for D1R, D2R, and D3R, while only one KO line
has been generated for D4R and D5R. In this paragraph, we will highlight some of
the major findings obtained through the analysis of DAR KO mice, and in particular
from D2R KO mice, which well illustrate the relevance of KO studies. For instance,
genetic studies have shown the importance of dopaminergic signaling not only for
brain functions but also overall for the survival of the organism. Indeed, while single
KO of each of the five DARs does not impact birth, growth, or reproduction of KO
mice, the simultaneous KO of the two major DARs, D1R and D2R, results in a strik-
ing phenotype, which leads to death of double KO mice during the second postnatal
week [20]. Notably, this phenotype strongly resembles that of tyrosine hydroxylase
KO mice, in which dopamine levels are extremely reduced [21, 22]. Interestingly,
lethality is observed only in the D1R/D2R double KO [20], while D2R/D3R [23, 24]
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or D1R/D3R [25, 26] KOs are born normally, reach adulthood, and reproduce. These
findings strongly point to a preponderant physiological role of D1Rs and D2Rs in
the regulation of basal body functions. At the same time, we might speculate that
the principal function of D3R, D4R, and D5R is to act as sensors of dopamine activ-
ity and to modulate D1R- and D2R-dependent signaling. This view is supported
by the higher affinity of the D3R, D4R, and D5R for dopamine [27] as well as by
their co-localization with either D1R or D2R, for example, in striatal medium spiny
neurons (MSNs) [4, 28].

A second important finding has been the identification of D2Rs as the bona fide
dopamine autoreceptor [29, 30]. This function has a critical role in the regulation
and physiology of the dopaminergic system since it is responsible for the control
of the synthesis and release of dopamine. Alteration or malfunction of autore-
ceptors strongly impairs the response of any DAR by changing inappropriately
the physiological levels of the ligand in response to stimuli. Two D2-like recep-
tors, D2R and D3R, could be anatomically responsible for such functions due to
their localization in dopaminergic neurons of the substantia nigra (SN) and ven-
tral tegmental area (VTA). Because these receptors have similar pharmacological
characteristics, assessing autoreceptor function only with pharmacological tools has
produced ambiguous results. The use of D2R and D3R KOs has clarified that despite
the presence of D2R and D3R on dopaminergic neurons, absence of D2R completely
abolishes the autoreceptor regulation of dopamine release from dopaminergic neu-
rons [30]. This indicates that D3Rs, in the absence of D2Rs, cannot compensate for
the regulation of dopamine release upon challenge. Nevertheless, D3Rs might have
a role in regulating dopamine levels under phasic but not tonic conditions [31] or in
cooperation with D2Rs.

The third example concerns the target of antipsychotics normally used in the
treatment of schizophrenia. Haloperidol, a commonly used antipsychotic, is known
to exert its beneficial effect in the treatment of schizophrenia through blockade of
D2-like receptors [32]. Importantly, knocking out the long isoform of the D2R, D2L,
strongly impairs the property of this drug to induce catalepsy in D2L KO mice, thus
identifying D2L as the major target for the postsynaptic effects of this antipsychotic
[7, 8]. Furthermore, studies in which D1R, D2R, D3R, and D4R KO mice were
compared to assess their involvement in modulating pre-pulse inhibition (PPI) of
startle reflex have shown that only the absence of D2Rs results in disruption of PPI
after amphetamine treatment [33], while D1Rs, D2Rs, and D3Rs are all involved in
the disruption of PPI induced by cocaine [34].

12.4 Dopamine Receptors in the Control of Motor Behavior

One key role of dopamine in the CNS is the control of locomotion, as evidenced
by degeneration of dopaminergic neurons in Parkinson’s disease. The dopaminer-
gic pathway involved in this control is the nigro-striatal pathway formed by fibers
arising from dopaminergic neurons located in the SN, which project to the striatum.
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The striatum represents the site of integration of the motor circuitry, receiving the
dopaminergic fibers as well as stimuli from the cortex and thalamus [35]. The com-
plex nature of this circuitry and co-expression of several different DARs in the same
neurons make it very difficult to define the role of each receptor in this function.
Indeed, DARs are present not only on striatal MSNs but also on cortical and tha-
lamic neurons, as well as on interneurons (Fig. 12.1). It is thus very arduous to
analyze how the different DARs regulate the physiology of neurons in this circuitry.
Nevertheless, the development of KO mice and technical tools formed either by spe-
cific antibodies, tracers [36], or mouse models in which BAC constructs expressing
fluorescent proteins, driven by the D1R and D2R [35, 37, 38] promoters, have been
inserted in the mouse genome is starting to give useful insights into the rules that
govern this circuitry.

Fig. 12.1 This figure schematically illustrates how dopamine elicits its effects on striatal medium
spiny neurons (MSNs). We aimed at representing the sites of expression of dopamine receptors
on most striatal neurons and afferents. D1Rs and D2Rs are the most highly expressed neurons
by MSNs, followed by D3Rs and then D4Rs and D5Rs (font size is indicative of the expression
level). MSNs receive inputs from neurons originating in the SN, VTA, cortex, and thalamus as well
as from striatal interneurons (i.e., striatal GABAergic and cholinergic interneurons). D2Rs have a
very intricate expression pattern. Indeed, they are present on MSNs, but also presynaptically on
dopaminergic fibers, as well as on cortical, thalamic, and interneuron terminals. D3Rs are both
pre- and postsynaptic; D1R, D4R, and D5R expression is as indicated

Depending on which cell/region of the striatum is analyzed, different combina-
tions of dopamine receptors are found. For example, most dorsal regions express
almost exclusively D1Rs and D2Rs and are devoid of D3R expression, while the
ventral striatum expresses higher levels of D3Rs [31]. Similarly, D5Rs have very low
expression levels overall in the striatum, but they are robustly expressed in choliner-
gic interneurons [3]. Furthermore, co-segregation of some members of the D1-like
and D2-like receptor subfamilies in the same cells has been observed; this together
with the possibility that they could physically associate in vivo [39, 40] increases
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the complexity of this system. Behavioral results obtained by the study of KO mice
should be interpreted keeping in mind this intricacy.

12.4.1 Motor Behavior: D1R KO

D1R KO mice were first reported in 1994 by two independent laboratories; for clar-
ity we will call them D1R KO-A [41] and D1R KO-B [42]. In D1R KO-A, the
targeting construct contained a deletion of 95% of the D1R coding sequence, while
D1R KO-B was created by deleting the region of the D1R gene encoding the puta-
tive third intracytoplasmic loop of the receptor. D1R KO-A mice were reported to
present a hyperactive phenotype [41, 43, 44]; conversely, D1R KO-B mice were
first reported to have decreased stereotypies, but no difference in locomotion [42].
However, more recently the D1R KO-B line has also been reported to be hyperactive
in different behavioral settings [45]. Therefore, it can be concluded that loss of the
D1R results in a potentiation of horizontal locomotion.

12.4.2 Motor Behavior: D2R KO

D2R KO-A mice were first reported in 1995 [46]; in this line exon 2 of the D2R gene
was deleted leading to the absence of D2Rs in vivo. These mice presented impair-
ments of posture and motor activity when analyzed in an open field. In particular,
a significant reduction of horizontal locomotion, stereotypies, and coordination of
movements were reported [46]. A second KO line, D2R KO-B [23], was generated
using a similar KO strategy as for D2R KO-A. Analyses of D2R KO-B mice sup-
ported findings obtained with D2R KO-A and confirmed motor impairments in the
absence of the D2R. A third line, D2R KO-C mice, was generated using a different
KO strategy, in which the 3′-region of the D2R gene containing exons 6 and 7 was
deleted [47]. These mice were also reported to have motor impairments, but to a
lower extent than D2R KO-A and B mice. Interestingly, ethological analyses per-
formed by the same laboratory using D2R KO-A and C lines revealed an absence
of difference in the different parameters tested between these two independent lines
[48, 49]. Ethological analyses identified, in both lines, specific reductions of one
type of stereotypy (total rearing) and of horizontal locomotion, although the deficits
were much milder than those found when D2R KO mice were tested in the open field
and rotarod. It is perhaps not surprising to obtain results from ethological analyses
that differ from other behavioral tests (open field, rotarod); the first are performed in
non-stressful settings (home cage), while the latter are performed under more stress-
ful/challenging conditions. Overall, it can be concluded that loss of D2R-mediated
signaling results in reduction of motor behaviors. Interestingly, deletion of the long
and most abundant isoform of D2R, D2L, does not result in modifications of motor
activity or coordination of movements under basal conditions [7, 8]. This indicates
that the presence of only D2S is able to insure a normal D2R-dependent basal activ-
ity, very likely dependent on the still persistent control of dopamine release [7]
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mediated by D2S. However, challenge by D1R-specific agonists of D2L KO mice
resulted in a greatly attenuated motor response as compared to their WT littermates
[7]. This suggests that D2L is the D2R isoform cooperating/synergizing with the
D1R in the control of motor behavior [50].

12.4.3 Motor Behavior: D3R KO

The first reported D3R KO-A line [51] showed increased locomotor activity.
Hyperactivity in a novel environment, in the absence of the D3R, was confirmed
in a second KO line, D3R KO-B [52]. However, the increased motor behavior was
observable only during the first several minutes of assessment, but not thereafter, as
D3R KO mice habituated faster than WT to the new environment. D3R KO-A mice
were later reported to show an increase of activity only during the night phase of the
light/dark cycle, but not consistently during the day [53]. The mechanism leading
to hyperactivity in mice lacking D3R was correlated with an increased dopaminer-
gic tone [54]. Indeed, increased basal extracellular levels of dopamine, as compared
to WT mice, were reported in several D3R KO lines [54–56]. This contrasts with
D2R KO mice [57, 58] in which basal extracellular dopamine levels are normal, but
dopamine release upon stimulation by drugs of abuse leads to an outstanding eleva-
tion of dopamine levels [30]. This suggests that the D3R might regulate dopamine
levels under tonic conditions.

Other groups failed to confirm the hyperactive phenotype of D3R KO-A mice
[59, 60], as well as of two independently generated lines, the D3R KO-C [23] and
D3R KO-D [55]. The reason for this discrepancy is not clear, but very likely depends
on the conditions used to perform the experiments in different laboratories. Indeed,
D3R KO-A mice also revealed reduced thigmotaxis in the open field and increased
time spent in the open arms of the elevated plus maze with respect to WT mice [61],
indicating a reduced level of anxiety in these mice, which might well affect other
behavioral measures. Thus, absence of D3R signaling might facilitate locomotion in
conditions yet to be completely defined.

12.4.4 Motor Behavior: D4R KO

D4R KO mice have been shown to exhibit less spontaneous locomotion and rearing
activity than WT in novel and familiar environments [62]. These mice, in a mixed
genetic background (129SV/C57BL/6), outperformed WT mice in the rotarod test,
experiencing 50% fewer falls and remaining on the rotating rod 2.5 times longer
than WT mice [62], suggesting that D4Rs participate in the modulation of motor
functions.

Interestingly, polymorphisms of the D4R gene in humans have been correlated
with variations in personality traits associated with higher novelty seeking [63, 64].
In line with these findings, D4R KO mice show reduced exploration in the open
field, emergence, and novel object tests despite an overall activity level similar to



310 E. Tirotta et al.

that of WT mice. This suggests that D4R polymorphisms in humans might induce
a gain of function for this receptor, which could be correlated with the decrease in
novelty-related behaviors observed in mice in which the receptor is deleted [65].
However, recent studies performed in different behavioral conditions, but with the
same KO line although in a pure C57BL/6 background, do not support the previ-
ously observed decrease of novelty-seeking behaviors in the absence of D4R [66].
Additional studies are requested to clarify whether or not the D4R plays a key role
in motor functions and novelty seeking by testing D4R KO (C57BL/6 background)
in the same experimental setting used to characterize these mutants in the mixed
(F2) genetic background. To date it is possible to conclude that absence of the D4R
does not appear to negatively affect locomotion and actually could even strengthen
coordination of movement [62], possibly indicating an inhibitory role of D4Rs on
this function.

12.4.5 Motor Behavior: D5R KO

Generation of D5R KO mice has shown that the influence of D5R-mediated signal-
ing on motor behavior is very subtle. D5R KO mice responded as WT littermates
in a series of behavioral tests aimed at checking most of the functions activated
by dopamine signaling. Indeed, when tested in locomotor activity tests, the rotarod
test, acoustic startle response, PPI [67], elevated plus maze, light/dark exploration,
Morris water maze, and cued and contextual fear conditioning, no statistically rele-
vant differences with WT mice were noted [68]. Nevertheless, more recent analyses
are starting to shed some light on the function of this receptor, which appears to
have facilitatory functions on motor behavior as established by pharmacological,
electrophysiological [43], and ethological analyses [69].

The motor phenotype of DAR KO mice is summarized in Table 12.1.

Table 12.1 Summary of motor phenotypes observed in DAR KO mice

DAR KO Motor phenotype: basal conditions

D1 KO ↑ [41, 43, 44]
D2R KO ↓ [23, 46, 47]
D2L KO ↔ [7, 8]
D3R KO ↑ [51, 52]

↔ [59, 60]
D4R KO ↑ [62]
D5R KO ↔ [68]
D1R/D2R KO � [24]
D1R/D3R KO ↔ [25, 26]
D2R/D3R KO ↓ [23]

References to the phenotype are indicated. The direction of changes is
indicated with respect to WT animals exposed to similar conditions.
↑: increase, ↓: decrease, ↔: no difference.
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12.5 Dopamine Receptors and Drugs of Abuse

Converging evidence supports the implication of the mesolimbic dopaminergic
pathway in the regulation of the rewarding/reinforcing properties of natural stim-
uli, such as food or sex [70]. This pathway is hijacked by drugs of abuse, which
by different mechanisms elevate dopamine levels in the limbic system. As for other
dopamine-regulated functions, pharmacological studies have shown that D1R- and
D2R-mediated signaling have a major impact on the acute and chronic responses
to drugs. In this respect, the behavior of KO mutants for D1R and D2R strongly
supports a preponderant role of signaling mediated by these two receptors in the
behavioral and cellular response to abused drugs.

12.5.1 The D1R and Drugs of Abuse

Interestingly, the D1R KO-A and KO-B mutant mice failed to exhibit the psychomo-
tor stimulant effect of cocaine on motor and stereotyped behaviors as compared to
wild-type littermates [71–73]. Conversely, D1R KO mice show a significant dose-
dependent locomotor decrease after cocaine administration [71]. Investigations at
the electrophysiological and gene expression levels of the striatum of the D1R
KO mouse lines showed that this receptor plays an essential role in cocaine
[71, 72], amphetamine [74], and thereby dopamine-mediated effects of drugs of
abuse. Electrophysiological studies of nucleus accumbens neurons showed that the
inhibitory effects of dopamine as well as those of D1R and D2R agonists were
strongly reduced, whereas those of serotonin were unaffected [71]. In addition, it
was later demonstrated that the cellular and behavioral effects of cocaine require
intact D1R- and glutamate receptor-mediated signaling, in vivo, for the activation
of the ERK pathway and downstream immediate early genes [75–78]. On the con-
trary, D2R agonists and antagonists induced functional effects in the D1R KO mice
at least with respect to induction of immediate early genes (c-fos and jun-b). These
results hint that D1R–D2R synergism is not obligatory for D2R function and that
D1-like/D2-like receptors may interact synergistically or in opposition in striatal
neurons, depending on the neural subpopulations engaged [38, 79, 80].

The rewarding properties of drugs can be evaluated by performing conditioned
place preference (CPP) experiments. The D1R KO-B mouse line was used to inves-
tigate cocaine reward using this paradigm [81]. While these experiments confirmed
that the D1R is involved in the stimulatory locomotor effects of cocaine, they showed
that this receptor does not play a major role in the rewarding effects of this drug
[81]. The reinforcing effects of food and drugs of abuse have also been analyzed in
D1R KO-A. Food and opioid agonists in these mice function as positive reinforcers,
whereas the effect of cocaine is affected [82]. In addition, D1R- or D2R-selective
agonists do not work as positive reinforcers in D1R KO-A mice, whereas these
drugs are self-administered by WT littermates [82]. Accordingly, electrophysiolog-
ical studies showed that KO of the D1R abolished all DAR-mediated effects, within
the nucleus accumbens, including those produced by the D2-like agonist quinpirole
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[71]. These results suggest that D1Rs participate in the reinforcing effects of cocaine
[82] and acquisition of self-administration of this drug. The contradictory results
between CPP and self-administration studies might be due to the use of two differ-
ent paradigms that measure qualitatively different aspects of cocaine effects. More
recently, additional experiments have confirmed lack of motor activation upon acute
cocaine administration in D1R KO mice, but a mild sensitization of these mice to
the same drug after repeated administration of specific cocaine concentrations [83],
indicating that absence of D1Rs does not fully prevent sensitization to this drug.
It is worth mentioning that cocaine is, however, a drug affecting multiple receptor
systems and thereby the contribution of other neurotransmitters/modulators in the
behavioral response of D1R KO mice cannot be completely excluded.

Similar results were obtained after amphetamine administration, which, although
it failed to induce locomotor behavior in D1R KO-B mice with respect to WT mice
upon acute treatments, did induce a sensitized response upon chronic administration.
However, the amplitude of sensitization was less pronounced in the D1R KO-B than
in WT mice in agreement with their reduced acute motor response to the drug [84].
Similar results were also obtained with D1R KO-A mice [73, 74]. These results con-
firm earlier pharmacological studies using mice and rats that described the effects of
D1R antagonists on locomotion, behavioral sensitization, and stereotyped responses
to cocaine and amphetamine [85, 86]. In addition to the reduced response to cocaine
and amphetamine, D1R KO-B consumed ethanol by self-administration or under
forced conditions in a significantly lower amount than the WT control animals [87].
Thus, D1Rs are clearly central in signaling the rewarding/reinforcing properties of
drugs of abuse.

12.5.2 The D2R and Drugs of Abuse

The contribution of D2R signaling in the motivational response to drugs of abuse
has produced very interesting although complex findings. Indeed, D2R KO mice
increase their locomotion upon treatment with opioids (i.e., morphine) [88], while
in response to psychostimulants and alcohol they exhibit a blunted motor response
[89–92]. In addition, the blunted motor response to cocaine of D2R KO-A mice
was accompanied at the cellular level by absence of activation of the immediate
early gene, c-fos, in the striatum [91]. Interestingly, absence of cellular and behav-
ioral effects in D2R KO-A mice was specifically observed in response to cocaine,
but not to D1R-specific agonists, which elicited an increased motor response and
sustained c-fos induction in these animals [7, 91], thus indicating that the D1R-
mediated signaling is overactivated in D2R KO mice, as expected by absence of D2R
signaling. Consistent with this observation, cocaine in D2R KO-A mice induced
increased stereotyped behaviors, which very likely contribute to the reduced for-
ward motor response to the drug. However, loss of induction of c-fos expression is
at odds with an overactivation of the D1R-mediated signaling. It was hypothesized
that absence of c-fos induction in response to cocaine might be generated by lack of
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D2R heteroreceptors on striatal interneurons and possibly on regulation of GABA
release [93]. Increased GABA release might well explain the blunted response of
immediate early gene responses to cocaine in animals lacking D2R. Alternatively,
loss of the D2R might prevent the formation of heteromers with other receptors,
which would be required for the induction of pathways leading to c-fos activation.

The rewarding properties of morphine were tested in D2R KO-A mice by per-
forming CPP analyses. Strikingly, the results of these experiments showed absence
of CPP to morphine in these mutants as compared to their WT siblings [88].
These results were recently confirmed and supported by absence of morphine self-
administration in D2R KO-C mice [94, 95]. In addition to loss of the reinforcing
properties of morphine, D2R KO mice do not self-administer ethanol [89, 96, 97].
Conversely, D2R KO-A mice performed CPP in response to cocaine [91], although
the CPP response was attenuated with respect to that of WT controls. D2R KO-A
mice also self-administer more cocaine than WT littermates [98], indicating that
D2R-mediated signaling might be involved in mechanisms that limit rates of high-
dose cocaine self-administration. Keeping in mind that the mechanism of action of
psychostimulants involves the activation of multiple neurotransmitters/modulators,
the possibility exists that in D2R KO mice absence of reward/reinforcement to mor-
phine and ethanol, but presence of response to cocaine and amphetamine (although
attenuated), might be generated by molecules other than dopamine. These results
indicate a general role for D2R-mediated signaling in motivated responding, more
than a specific effect of a particular drug in D2R KO mice. Thereby, D2R-mediated
signaling appears to play an essential role in the response to drugs and ultimately in
addiction [99]. Importantly, D2L KO mice have a normal motor response to cocaine
and also perform as WT animals in the CPP paradigm to this drug ([91], and our
unpublished data). This suggests that the presence of only D2S is sufficient to medi-
ate responses to addictive drugs, possibly through normal modulation of dopamine
release [7, 30].

12.5.3 The D3R and Drugs of Abuse

The D3R, although expressed at much lower levels with respect to the D1R and the
D2R, shows a highly restricted expression in limbic regions involved in the regu-
lation of reward, particularly in the nucleus accumbens [100–102]. This suggests
that this receptor may play a prominent role in mediating reward-related behav-
iors [54]. Indeed, drugs acting at the D3R are potent modulators of the reinforcing
effects of psychostimulants, and changes in D3R function are associated with altered
responses to these drugs [54, 103].

The analysis of the D3R KO mice has provided further evidence by showing that
D3R KO mice are more sensitive to the motor stimulant effects of cocaine at low
doses of the drug, as compared to WT animals [52]. However, at high doses the
degree of stimulation is similar in both genotypes. As for cocaine, CPP analyses in
response to amphetamine demonstrated that D3R KO mice exhibited an increased
response to amphetamine relative to control mice at low doses of the drug [52].
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Similar results were also obtained when the D3R KO mice were assessed for
presence of morphine-induced rewarding effects. Indeed, a significant CPP for
the drug-associated compartment was observed in D3R KO mice at low doses of
morphine (0.1–0.56 mg/kg), whereas no preference was observed in WT mice at
these doses [104].

A different study [105] also reported a higher dose-dependent CPP response to
morphine in D3R KO versus WT animals. D3R KO mice were more responsive than
their WT littermates at the lowest dose of morphine tested while morphine-induced
CPP was attenuated in response to higher concentrations of the drug.

The implication of the D3R in regulating the rewarding/reinforcing properties
of drugs has also been assessed pharmacologically, using a D3R-specific partial
agonist BP897 [106–108]. It has been concluded that D3R is not directly impli-
cated in the reinforcing effects of drugs of abuse, but appears to be involved in
the motivation to self-administer drugs in specific conditions (high-requirement
self-administration schedules) [109, 110]. These data suggest that the D3R plays
a modulatory role over dopamine-mediated responses to drugs of abuse and, in par-
ticular, that this receptor functions as a sensor in the system. This is very likely
dependent on the high affinity of the D3R for dopamine with respect to other D2-like
receptors.

12.5.4 The D4R and Drugs of Abuse

Polymorphisms of the dopamine D4R have been associated with novelty seeking
in humans [63, 64]; this trait has been associated with risk-taking behaviors and
thereby drug abuse. This hypothesis is consistent with studies showing avoidance of
novel objects placed in a familiar environment and supersensitivity to the locomotor-
stimulating effects of alcohol, amphetamine, and cocaine in D4R KO mice [62, 65].
More recently, it has been reported that cocaine’s potency in producing discrimi-
native stimulus and psychomotor stimulant effects is stronger in D4R KO than in
WT mice. This despite the absence of appreciable novelty seeking in the testing
environments in D4R KO mice, thus suggesting that the response to a novel envi-
ronment plays only a marginal role in the different sensitivity to cocaine [111]. In
addition, D4R KO mice demonstrated an enhanced and dose-dependent increase
in amphetamine-stimulated activity; they also showed enhanced dose-dependent
sensitized response to repeated amphetamine administration compared to the WT
mice [112].

12.5.5 The D5R and Drugs of Abuse

In agreement with a very limited effect of absence of D5Rs on motor functions,
responses to drugs of abuse and in particular to cocaine are quite similar in WT
and D5R KO mice. The acute response to cocaine was found mildly attenuated
in an original report [113], which has not been subsequently supported using
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D5R KO in a congenic background [83]. This well illustrates the point discussed
in the first paragraph of this chapter, namely that small differences found when
testing KO animals in mixed backgrounds (F2) might not be maintained in pure
backgrounds. Congenic D5R KO mice were also found to perform as WT litter-
mates in cocaine discrimination stimulus effect as well as in CPP for the same
drug [83].

The response to drugs of abuse of DAR KO mice is summarized in Table 12.2.

Table 12.2 Response to drugs of abuse of DAR KO mice

Responses to drugs of abuse

DAR KO
Motor activity
(acute doses) CPP Self-administration

D1R KO Cocaine: Ø [71–73] Cocaine: + [81] Cocaine: Ø [82]
Ethanol: Ø [87]

D2R KO Cocaine: ↑ [91] Cocaine: + [91] (only
at high doses)

Morphine: Ø[88]

Cocaine: + [98]
Ethanol: Ø [89, 96, 97]
Morphine: Ø [94, 95]

D3R KO Cocaine: � [52] (more
sensitive to low does
than WT mice)

Morphine: + [104]
Amphetamine: + [52]

(more sensitive to
low doses than WT
mice)

Implicated: [109, 110]

D4R O Cocaine: ↑↑↑ [62, 65] na na
D5R KO Cocaine: ↑ [83] Cocaine: + [83] na

References to the phenotype are indicated. The direction of changes is indicated with respect to
WT animals exposed to similar conditions. +: positive response, Ø: no response, ↑: hyperactivity,
↔: same as WT, ↑ : minimal response, na: not assessed.

12.6 Dopamine and Growth

The dopaminergic mesolimbic pathway is naturally involved in the motivational and
rewarding mechanisms regulating food intake, thus interfering with growth and very
likely with the development of obesity [114, 115]. The generation of KO mice has
clarified some aspects of dopamine signaling in the control of this key function.
Interestingly, KO mice for both the D1R and the D2R have shown that absence
of each of the two receptors interferes with food intake and thereby with growth.
Indeed, one of the principal features observed in D1R KO-A and B animals is a
reduction of body weight and smaller brain size as compared to their WT littermates
[41, 42]. D2R KO-A mice were also reported to eat less and have a reduction of body
weight of 10–15% [23, 46, 47] when adult. These differences in food consumption
and growth, however, although relevant do not impair the animal life and indeed both
D1R and D2R mutants reach adulthood and have normal life span. Nevertheless,
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when D1R and D2R genes are deleted simultaneously [20] the result is deadly and
animals do not survive the second week after birth. These findings clearly show
that D1R- and D2R-mediated signaling is crucial to regulate food intake, not only
by regulating motivation but also by regulating gastrointestinal functions [20]. In
agreement with these findings, KO of either D3Rs, D4Rs, or D5Rs does not interfere
with either food intake or growth. Importantly, this also shows that D1R- and D2R-
specific functions cannot be compensated by the activity of any of the other DARs,
at least with respect to food intake. Future analyses should be performed to evaluate
the role of D1R- and D2R-mediated signaling in the escalating search for food,
which leads to obesity [114].

12.7 Future Challenges

A decade and a half after the publication of the first DAR KO model, it is now time
to move forward and generate additional animal models that would allow an even
more detailed analysis of the function of these receptors in vivo. Novel technolo-
gies and strategies have been developed to create cell- and region-specific KOs; this
surely will expand the types of questions that can be addressed in vivo, as well as
produce further insights into the complexity of the dopaminergic system. In addi-
tion, recently developed models [35, 38] and others to come might further help the
understanding of the dopaminergic system with hopeful positive outcomes not only
at the basic science levels but also for the development of more specific and efficient
human therapies for the treatment of dopaminergic dysfunctions.

Acknowledgments We would like to acknowledge funding from University of California Irvine,
Institut National de la Santé et de la Recherche Médicale, and European Community LSHM-CT-
2004-005166 to E.B.

References

1. Tan S, Hermann B, Borrelli E. Dopaminergic mouse mutants: investigating the roles of
the different dopamine receptor subtypes and the dopamine transporter. Int Rev Neurobiol
2003;54:145–97.

2. Missale C, Nash SR, Robinson SW, Jaber M, Caron MG. Dopamine receptors: from structure
to function. Physiol Rev 1998;78(1):189–225.

3. Surmeier DJ, Song WJ, Yan Z. Coordinated expression of dopamine receptors in neostriatal
medium spiny neurons. J Neurosci 1996;16(20):6579–91.

4. Pickel VM, Nirenberg MJ, Milner TA. Ultrastructural view of central catecholaminergic
transmission: immunocytochemical localization of synthesizing enzymes, transporters and
receptors. J Neurocytol 1996;25(12):843–56.

5. Picetti R, Saiardi A, Abdel Samad T, Bozzi Y, Baik JH, Borrelli E. Dopamine D2 receptors
in signal transduction and behavior. Crit Rev Neurobiol 1997;11(2–3):121–42.

6. Montmayeur JP, Bausero P, Amlaiky N, Maroteaux L, Hen R, Borrelli E. Differential
expression of the mouse D2 dopamine receptor isoforms. FEBS Lett 1991;278(2):239–43.

7. Usiello A, Baik JH, Rouge-Pont F, et al. Distinct functions of the two isoforms of dopamine
D2 receptors. Nature 2000;408(6809):199–203.



12 The Role of Dopamine Receptors In Vivo 317

8. Wang Y, Xu R, Sasaoka T, Tonegawa S, Kung MP, Sankoorikal EB. Dopamine D2 long
receptor-deficient mice display alterations in striatum-dependent functions. J Neurosci
2000;20(22):8305–14.

9. Giros B, Martres MP, Pilon C, Sokoloff P, Schwartz JC. Shorter variants of the D3 dopamine
receptor produced through various patterns of alternative splicing. Biochem Biophys Res
Commun 1991;176(3):1584–92.

10. Van Tol HH, Wu CM, Guan HC, et al. Multiple dopamine D4 receptor variants in the human
population. Nature 1992;358(6382):149–52.

11. Skrabanek L, Murcia M, Bouvier M, et al. Requirements and ontology for a G protein-
coupled receptor oligomerization knowledge base. BMC Bioinformatics 2007;8:177.

12. Thomas KR, Capecchi MR. Site-directed mutagenesis by gene targeting in mouse embryo-
derived stem cells. Cell 1987;51(3):503–12.

13. Capecchi MR. Altering the genome by homologous recombination. Science (New York, NY)
1989;244(4910):1288–92.

14. Seeman P, Guan HC, Nobrega J, et al. Dopamine D2-like sites in schizophrenia, but
not in Alzheimer’s, Huntington’s, or control brains, for [3H]benzquinoline. Synapse
1997;25(2):137–46.

15. Boulay D, Depoortere R, Oblin A, Sanger DJ, Schoemaker H, Perrault G. Haloperidol-
induced catalepsy is absent in dopamine D(2), but maintained in dopamine D(3) receptor
knock-out mice. Eur J Pharmacol 2000;391(1–2):63–73.

16. Saiardi A, Bozzi Y, Baik JH, Borrelli E. Antiproliferative role of dopamine: loss of
D2 receptors causes hormonal dysfunction and pituitary hyperplasia. Neuron 1997;19(1):
115–26.

17. Kelly MA, Rubinstein M, Asa SL, et al. Pituitary lactotroph hyperplasia and
chronic hyperprolactinemia in dopamine D2 receptor-deficient mice. Neuron 1997;19(1):
103–13.

18. Silva AJ, Simpson EM, Takahashi JS, et al. Mutant mice and neuroscience: recommenda-
tions concerning genetic background. Neuron 1997;19(4):755–9.

19. Crawley JN. Behavioral phenotyping strategies for mutant mice. Neuron 2008;57(6):
809–18.

20. Kobayashi M, Iaccarino C, Saiardi A, et al. Simultaneous absence of dopamine D1 and
D2 receptor-mediated signaling is lethal in mice. Proc Natl Acad Sci USA 2004;101(31):
11465–70.

21. Zhou QY, Quaife CJ, Palmiter RD. Targeted disruption of the tyrosine hydroxylase
gene reveals that catecholamines are required for mouse fetal development. Nature
1995;374(6523):640–3.

22. Zhou QY, Palmiter RD. Dopamine-deficient mice are severely hypoactive, adipsic, and
aphagic. Cell 1995;83(7):1197–209.

23. Jung MY, Skryabin BV, Arai M, et al. Potentiation of the D2 mutant motor phenotype in
mice lacking dopamine D2 and D3 receptors. Neuroscience 1999;91(3):911–24.

24. Vallone D, Pignatelli M, Grammatikopoulos G, et al. Activity, non-selective attention and
emotionality in dopamine D2/D3 receptor knock-out mice. Behav Brain Res 2002;130
(1–2):141–8.

25. Karasinska JM, George SR, El-Ghundi M, Fletcher PJ, O‘Dowd BF. Modification of
dopamine D(1) receptor knockout phenotype in mice lacking both dopamine D(1) and D(3)
receptors. Eur J Pharmacol 2000;399(2–3):171–81.

26. Wong JY, Clifford JJ, Massalas JS, et al. Neurochemical changes in dopamine D1, D3 and
D1/D3 receptor knockout mice. Eur J Pharmacol 2003;472(1–2):39–47.

27. Seeman P, Van Tol HH. Dopamine receptor pharmacology. Trends Pharmacol Sci
1994;15(7):264–70.

28. Nicola SM, Surmeier J, Malenka RC. Dopaminergic modulation of neuronal excitability in
the striatum and nucleus accumbens. Annu Rev Neurosci 2000;23:185–215.

29. L‘Hirondel M, Cheramy A, Godeheu G, et al. Lack of autoreceptor-mediated inhibitory
control of dopamine release in striatal synaptosomes of D2 receptor-deficient mice. Brain
Res 1998;792(2):253–62.



318 E. Tirotta et al.

30. Rouge-Pont F, Usiello A, Benoit-Marand M, Gonon F, Piazza PV, Borrelli E. Changes in
extracellular dopamine induced by morphine and cocaine: crucial control by D2 receptors.
J Neurosci 2002;22(8):3293–301.

31. Sokoloff P, Diaz J, Le Foll B, et al. The dopamine D3 receptor: a therapeutic target for
the treatment of neuropsychiatric disorders. CNS Neurol Disord Drug Targets 2006;5(1):
25–43.

32. Seeman P, Kapur S. Schizophrenia: more dopamine, more D2 receptors. Proc Natl Acad Sci
USA 2000;97(14):7673–5.

33. Ralph RJ, Varty GB, Kelly MA, et al. The dopamine D2, but not D3 or D4, receptor sub-
type is essential for the disruption of prepulse inhibition produced by amphetamine in mice.
J Neurosci 1999;19(11):4627–33.

34. Doherty JM, Masten VL, Powell SB, et al. Contributions of dopamine D1, D2, and D3
receptor subtypes to the disruptive effects of cocaine on prepulse inhibition in mice.
Neuropsychopharmacology 2007.

35. Surmeier DJ, Ding J, Day M, Wang Z, Shen W. D1 and D2 dopamine-receptor modula-
tion of striatal glutamatergic signaling in striatal medium spiny neurons. Trends Neurosci
2007;30(5):228–35.

36. Mallet N, Ballion B, Le Moine C, Gonon F. Cortical inputs and GABA interneurons
imbalance projection neurons in the striatum of parkinsonian rats. J Neurosci 2006;26(14):
3875–84.

37. Shen W, Flajolet M, Greengard P, Surmeier DJ. Dichotomous dopaminergic control of
striatal synaptic plasticity. Science (New York, NY) 2008;321(5890):848–51.

38. Bertran-Gonzalez J, Bosch C, Maroteaux M, et al. Opposing patterns of signaling activation
in dopamine D1 and D2 receptor-expressing striatal neurons in response to cocaine and
haloperidol. J Neurosci 2008;28(22):5671–85.

39. O‘Dowd BF, Ji X, Alijaniaram M, et al. Dopamine receptor oligomerization visualized in
living cells. J Biol Chem 2005;280(44):37225–35.

40. Rashid AJ, So CH, Kong MM, et al. D1-D2 dopamine receptor heterooligomers with unique
pharmacology are coupled to rapid activation of Gq/11 in the striatum. Proc Natl Acad Sci
USA 2007;104(2):654–9.

41. Xu M, Moratalla R, Gold LH, et al. Dopamine D1 receptor mutant mice are deficient
in striatal expression of dynorphin and in dopamine-mediated behavioral responses. Cell
1994;79(4):729–42.

42. Drago J, Gerfen CR, Lachowicz JE, et al. Altered striatal function in a mutant mouse lacking
D1A dopamine receptors. Proc Natl Acad Sci USA 1994;91(26):12564–8.

43. Centonze D, Grande C, Saulle E, et al. Distinct roles of D1 and D5 dopamine receptors in
motor activity and striatal synaptic plasticity. J Neurosci 2003;23(24):8506–12.

44. Granado N, Ortiz O, Suarez LM, et al. D1 but not D5 dopamine receptors are critical for
LTP, spatial learning, and LTP-Induced arc and zif268 expression in the hippocampus. Cereb
Cortex 2008;18(1):1–12.

45. McNamara FN, Clifford JJ, Tighe O, et al. Congenic D1A dopamine receptor mutants:
ethologically based resolution of behavioural topography indicates genetic background as
a determinant of knockout phenotype. Neuropsychopharmacology 2003;28(1):86–99.

46. Baik JH, Picetti R, Saiardi A, et al. Parkinsonian-like locomotor impairment in mice lacking
dopamine D2 receptors. Nature 1995;377(6548):424–8.

47. Kelly MA, Rubinstein M, Phillips TJ, et al. Locomotor activity in D2 dopamine receptor-
deficient mice is determined by gene dosage, genetic background, and developmental
adaptations. J Neurosci 1998;18(9):3470–9.

48. Clifford JJ, Usiello A, Vallone D, Kinsella A, Borrelli E, Waddington JL. Topographical
evaluation of behavioural phenotype in a line of mice with targeted gene deletion of the D2
dopamine receptor. Neuropharmacology 2000;39(3):382–90.

49. Clifford JJ, Kinsella A, Tighe O, et al. Comparative, topographically-based evaluation of
behavioural phenotype and specification of D(1)-like:D(2) interactions in a line of incip-
ient congenic mice with D(2) dopamine receptor ′knockout′. Neuropsychopharmacology
2001;25(4):527–36.



12 The Role of Dopamine Receptors In Vivo 319

50. Waddington JL, Daly SA, Downes RP, Deveney AM, McCauley PG, O‘Boyle KM.
Behavioural pharmacology of ′D-1-like′ dopamine receptors: further subtyping, new phar-
macological probes and interactions with ′D-2-like′ receptors. Prog Neuropsychopharmacol
Biol Psychiatry 1995;19(5):811–31.

51. Accili D, Fishburn CS, Drago J, et al. A targeted mutation of the D3 dopamine receptor gene
is associated with hyperactivity in mice. Proc Natl Acad Sci USA 1996;93(5):1945–9.

52. Xu M, Koeltzow TE, Santiago GT, et al. Dopamine D3 receptor mutant mice exhibit
increased behavioral sensitivity to concurrent stimulation of D1 and D2 receptors. Neuron
1997;19(4):837–48.

53. Betancur C, Lepee-Lorgeoux I, Cazillis M, Accili D, Fuchs S, Rostene W. Neurotensin
gene expression and behavioral responses following administration of psychostimulants and
antipsychotic drugs in dopamine D(3) receptor deficient mice. Neuropsychopharmacology
2001;24(2):170–82.

54. Le Foll B, Diaz J, Sokoloff P. Neuroadaptations to hyperdopaminergia in dopamine D3
receptor-deficient mice. Life Sci 2005;76(11):1281–96.

55. Joseph JD, Wang YM, Miles PR, et al. Dopamine autoreceptor regulation of release and
uptake in mouse brain slices in the absence of D(3) receptors. Neuroscience 2002;112(1):
39–49.

56. Koeltzow TE, Xu M, Cooper DC, et al. Alterations in dopamine release but not dopamine
autoreceptor function in dopamine D3 receptor mutant mice. J Neurosci 1998;18(6):2231–8.

57. Dickinson SD, Sabeti J, Larson GA, et al. Dopamine D2 receptor-deficient mice exhibit
decreased dopamine transporter function but no changes in dopamine release in dorsal
striatum. J Neurochem 1999;72(1):148–56.

58. Schmitz Y, Schmauss C, Sulzer D. Altered dopamine release and uptake kinetics in mice
lacking D2 receptors. J Neurosci 2002;22(18):8002–9.

59. McNamara FN, Clifford JJ, Tighe O, et al. Phenotypic, ethologically based resolution of
spontaneous and D(2)-like vs D(1)-like agonist-induced behavioural topography in mice
with congenic D(3) dopamine receptor "knockout". Synapse 2002;46(1):19–31.

60. Boulay D, Depoortere R, Rostene W, Perrault G, Sanger DJ. Dopamine D3 receptor agonists
produce similar decreases in body temperature and locomotor activity in D3 knock-out and
wild-type mice. Neuropharmacology 1999;38(4):555–65.

61. Steiner H, Fuchs S, Accili D. D3 dopamine receptor-deficient mouse: evidence for reduced
anxiety. Physiol Behav 1997;63(1):137–41.

62. Rubinstein M, Phillips TJ, Bunzow JR, et al. Mice lacking dopamine D4 receptors are
supersensitive to ethanol, cocaine, and methamphetamine. Cell 1997;90(6):991–1001.

63. Benjamin J, Li L, Patterson C, Greenberg BD, Murphy DL, Hamer DH. Population and
familial association between the D4 dopamine receptor gene and measures of Novelty
Seeking. Nat Genet 1996;12(1):81–4.

64. Ebstein RP, Novick O, Umansky R, et al. Dopamine D4 receptor (D4DR) exon III poly-
morphism associated with the human personality trait of Novelty Seeking. Nat Genet
1996;12(1):78–80.

65. Dulawa SC, Grandy DK, Low MJ, Paulus MP, Geyer MA. Dopamine D4 receptor-knock-out
mice exhibit reduced exploration of novel stimuli. J Neurosci 1999;19(21):9550–6.

66. Helms CM, Gubner NR, Wilhelm CJ, Mitchell SH, Grandy DK. D4 receptor deficiency in
mice has limited effects on impulsivity and novelty seeking. Pharmacol Biochem Behav
2008;90(3):387–93.

67. Braff DL, Grillon C, Geyer MA. Gating and habituation of the startle reflex in schizophrenic
patients. Arch Gen Psychiatry 1992;49(3):206–15.

68. Holmes A, Hollon TR, Gleason TC, et al. Behavioral characterization of dopamine D5
receptor null mutant mice. Behav Neurosci 2001;115(5):1129–44.

69. O‘Sullivan GJ, Kinsella A, Sibley DR, Tighe O, Croke DT, Waddington JL. Ethological
resolution of behavioural topography and D1-like versus D2-like agonist responses in con-
genic D5 dopamine receptor mutants: identification of D5:D2-like interactions. Synapse
2005;55(4):201–11.



320 E. Tirotta et al.

70. Di Chiara G, Bassareo V. Reward system and addiction: what dopamine does and doesn’t
do. Curr Opin Pharmacol 2007;7(1):69–76.

71. Xu M, Hu XT, Cooper DC, et al. Elimination of cocaine-induced hyperactivity and
dopamine-mediated neurophysiological effects in dopamine D1 receptor mutant mice. Cell
1994;79(6):945–55.

72. Drago J, Gerfen CR, Westphal H, Steiner H. D1 dopamine receptor-deficient mouse:
cocaine-induced regulation of immediate-early gene and substance P expression in the
striatum. Neuroscience 1996;74(3):813–23.

73. Zhang J, Walsh RR, Xu M. Probing the role of the dopamine D1 receptor in psychostimulant
addiction. Ann N Y Acad Sci 2000;914:13–21.

74. Xu M, Guo Y, Vorhees CV, Zhang J. Behavioral responses to cocaine and amphetamine
administration in mice lacking the dopamine D1 receptor. Brain Res 2000;852(1):198–207.

75. Konradi C. The molecular basis of dopamine and glutamate interactions in the striatum. Adv
Pharmacol (San Diego, Calif) 1998;42:729–33.

76. Valjent E, Corvol JC, Pages C, Besson MJ, Maldonado R, Caboche J. Involvement of the
extracellular signal-regulated kinase cascade for cocaine-rewarding properties. J Neurosci
2000;20(23):8701–9.

77. Valjent E, Pascoli V, Svenningsson P, et al. Regulation of a protein phosphatase cascade
allows convergent dopamine and glutamate signals to activate ERK in the striatum. Proc
Natl Acad Sci USA 2005;102(2):491–6.

78. Brami-Cherrier K, Valjent E, Herve D, et al. Parsing molecular and behavioral effects
of cocaine in mitogen- and stress-activated protein kinase-1-deficient mice. J Neurosci
2005;25(49):11444–54.

79. Levine MS, Altemus KL, Cepeda C, et al. Modulatory actions of dopamine on NMDA
receptor-mediated responses are reduced in D1A-deficient mutant mice. J Neurosci
1996;16(18):5870–82.

80. Moratalla R, Xu M, Tonegawa S, Graybiel AM. Cellular responses to psychomotor stimulant
and neuroleptic drugs are abnormal in mice lacking the D1 dopamine receptor. Proc Natl
Acad Sci USA 1996;93(25):14928–33.

81. Miner LL, Drago J, Chamberlain PM, Donovan D, Uhl GR. Retained cocaine conditioned
place preference in D1 receptor deficient mice. Neuroreport 1995;6(17):2314–6.

82. Caine SB, Thomsen M, Gabriel KI, et al. Lack of self-administration of cocaine in dopamine
D1 receptor knock-out mice. J Neurosci 2007;27(48):13140–50.

83. Karlsson RM, Hefner KR, Sibley DR, Holmes A. Comparison of dopamine D1 and D5
receptor knockout mice for cocaine locomotor sensitization. Psychopharmacology (Berl)
2008;200(1):117–27.

84. Crawford CA, Drago J, Watson JB, Levine MS. Effects of repeated amphetamine treat-
ment on the locomotor activity of the dopamine D1A-deficient mouse. Neuroreport
1997;8(11):2523–7.

85. Koob GF, Caine B, Markou A, Pulvirenti L, Weiss F. Role for the mesocortical dopamine
system in the motivating effects of cocaine. NIDA Res Monogr 1994;145:1–18.

86. Cabib S, Castellano C, Cestari V, Filibeck U, Puglisi-Allegra S. D1 and D2 recep-
tor antagonists differently affect cocaine-induced locomotor hyperactivity in the mouse.
Psychopharmacology (Berl) 1991;105(3):335–9.

87. El-Ghundi M, George SR, Drago J, et al. Disruption of dopamine D1 receptor gene
expression attenuates alcohol-seeking behavior. Eur J Pharmacol 1998;353(2–3):149–58.

88. Maldonado R, Saiardi A, Valverde O, Samad TA, Roques BP, Borrelli E. Absence of opiate
rewarding effects in mice lacking dopamine D2 receptors. Nature 1997;388(6642):586–9.

89. Phillips TJ, Brown KJ, Burkhart-Kasch S, et al. Alcohol preference and sensitivity are
markedly reduced in mice lacking dopamine D2 receptors. Nat Neurosci 1998;1(7):610–5.

90. Parish CL, Stanic D, Drago J, Borrelli E, Finkelstein DI, Horne MK. Effects of long term
treatment with dopamine receptor agonists and antagonists on terminal arbor size. Eur J
Neurosci 2002;16(5):787–94.



12 The Role of Dopamine Receptors In Vivo 321

91. Welter M, Vallone D, Samad TA, Meziane H, Usiello A, Borrelli E. Absence of dopamine
D2 receptors unmasks an inhibitory control over the brain circuitries activated by cocaine.
Proc Natl Acad Sci USA 2007;104(16):6840–5.

92. Kelly MA, Low MJ, Rubinstein M, Phillips TJ. Role of dopamine D1-like receptors in
methamphetamine locomotor responses of D2 receptor knockout mice. Genes Brain Behav
2008;7(5):568–77.

93. Centonze D, Grande C, Usiello A, et al. Receptor subtypes involved in the presynaptic
and postsynaptic actions of dopamine on striatal interneurons. J Neurosci 2003;23(15):
6245–54.

94. Elmer GI, Pieper JO, Rubinstein M, Low MJ, Grandy DK, Wise RA. Failure of intravenous
morphine to serve as an effective instrumental reinforcer in dopamine D2 receptor knock-out
mice. J Neurosci 2002;22(10):RC224.

95. Elmer GI, Pieper JO, Levy J, et al. Brain stimulation and morphine reward deficits in
dopamine D2 receptor-deficient mice. Psychopharmacology (Berl) 2005;182(1):33–44.

96. Cunningham CL, Howard MA, Gill SJ, Rubinstein M, Low MJ, Grandy DK. Ethanol-
conditioned place preference is reduced in dopamine D2 receptor-deficient mice. Pharmacol
Biochem Behav 2000;67(4):693–9.

97. Risinger FO, Freeman PA, Rubinstein M, Low MJ, Grandy DK. Lack of operant ethanol
self-administration in dopamine D2 receptor knockout mice. Psychopharmacology (Berl)
2000;152(3):343–50.

98. Caine SB, Negus SS, Mello NK, et al. Role of dopamine D2-like receptors in cocaine self-
administration: studies with D2 receptor mutant mice and novel D2 receptor antagonists.
J Neurosci 2002;22(7):2977–88.

99. Volkow ND, Fowler JS. Addiction, a disease of compulsion and drive: involvement of the
orbitofrontal cortex. Cereb Cortex 2000;10(3):318–25.

100. Bouthenet ML, Souil E, Martres MP, Sokoloff P, Giros B, Schwartz JC. Localization of
dopamine D3 receptor mRNA in the rat brain using in situ hybridization histochemistry:
comparison with dopamine D2 receptor mRNA. Brain Res 1991;564(2):203–19.

101. Levesque D, Diaz J, Pilon C, et al. Identification, characterization, and localization of the
dopamine D3 receptor in rat brain using 7-[3H]hydroxy-N,N-di-n-propyl-2-aminotetralin.
Proc Natl Acad Sci USA 1992;89(17):8155–9.

102. Sokoloff P, Giros B, Martres MP, Bouthenet ML, Schwartz JC. Molecular cloning and
characterization of a novel dopamine receptor (D3) as a target for neuroleptics. Nature
1990;347(6289):146–51.

103. Vorel SR, Ashby CR, Jr., Paul M, et al. Dopamine D3 receptor antagonism inhibits cocaine-
seeking and cocaine-enhanced brain reward in rats. J Neurosci 2002;22(21):9595–603.

104. Narita M, Mizuo K, Mizoguchi H, et al. Molecular evidence for the functional role of
dopamine D3 receptor in the morphine-induced rewarding effect and hyperlocomotion.
J Neurosci 2003;23(3):1006–12.

105. Frances H, Le Foll B, Diaz J, Smirnova M, Sokoloff P. Role of DRD3 in morphine-
induced conditioned place preference using drd3-knockout mice. Neuroreport 2004;15(14):
2245–9.

106. Pilla M, Perachon S, Sautel F, et al. Selective inhibition of cocaine-seeking behaviour by a
partial dopamine D3 receptor agonist. Nature 1999;400(6742):371–5.

107. Le Foll B, Frances H, Diaz J, Schwartz JC, Sokoloff P. Role of the dopamine D3 receptor in
reactivity to cocaine-associated cues in mice. Eur J Neurosci 2002;15(12):2016–26.

108. Le Foll B, Schwartz JC, Sokoloff P. Disruption of nicotine conditioning by dopamine D(3)
receptor ligands. Mol Psychiatry 2003;8(2):225–30.

109. Holmes A, Lachowicz JE, Sibley DR. Phenotypic analysis of dopamine receptor knock-
out mice; recent insights into the functional specificity of dopamine receptor subtypes.
Neuropharmacology 2004;47(8):1117–34.

110. Le Foll B, Goldberg SR, Sokoloff P. The dopamine D3 receptor and drug dependence: effects
on reward or beyond? Neuropharmacology 2005;49(4):525–41.



322 E. Tirotta et al.

111. Katz JL, Chausmer AL, Elmer GI, Rubinstein M, Low MJ, Grandy DK. Cocaine-induced
locomotor activity and cocaine discrimination in dopamine D4 receptor mutant mice.
Psychopharmacology (Berl) 2003;170(1):108–14.

112. Kruzich PJ, Suchland KL, Grandy DK. Dopamine D4 receptor-deficient mice, congenic on
the C57BL/6 J background, are hypersensitive to amphetamine. Synapse 2004;53(2):131–9.

113. Elliot EE, Sibley DR, Katz JL. Locomotor and discriminative-stimulus effects of cocaine in
dopamine D5 receptor knockout mice. Psychopharmacology (Berl) 2003;169(2):161–8.

114. Wang GJ, Volkow ND, Logan J, et al. Brain dopamine and obesity. Lancet
2001;357(9253):354–7.

115. Volkow ND, Wise RA. How can drug addiction help us understand obesity? Nat Neurosci
2005;8(5):555–60.



Chapter 13
Dopamine Receptors and Behavior: From
Psychopharmacology to Mutant Models

Gerard J. O’Sullivan, Colm O’Tuathaigh, Katsunori Tomiyama, Noriaki
Koshikawa, and John L. Waddington

Abstract Elucidating the relative involvement of individual dopamine receptor
subtypes in the regulation of behavior has been made difficult by anomalies at the
psychopharmacology–molecular biology interface; specifically, the extent to which
gene cloning has revealed greater diversity in dopamine receptor typology beyond
the original D1/D2 classification, to include individual members of D1-like (D1 and
D5) and D2-like (D2Short, D2Long, D3, and D4) families, has not been matched by
similar progress in developing selective agonists and antagonists for these receptors.
Thus, although classical psychopharmacological approaches have been instrumental
in defining dopamine-dependent behaviors at the family level, more incisive molec-
ular genetic techniques have been required to determine the functional roles of the
individual members of these families. This chapter seeks to (a) summarize the clas-
sical psychopharmacology of dopamine receptor subtype function, (b) provide an
overview of recent findings in dopamine receptor subtype knockouts across several
domains of behavior, and (c) interpret new insights in the context of the limitations
of these techniques and prior knowledge of the regulation of behavior by dopamine
receptors.

Keywords Dopamine receptor subtypes · Behavior · Psychopharmacology · Selec-
tive agonists and antagonists · Molecular biology · Knockouts · Knockins · Trans-
genics · Mutant models

13.1 Introduction

Over the past 50 years it has been recognized that (a) dopaminergic neurons in
the brain are topographically organized in four distinct populations, known as
the nigrostriatal, mesolimbic, mesocortical, and tuberoinfundibular pathways and

J.L. Waddington (B)
Molecular and Cellular Therapeutics, Royal College of Surgeons in Ireland, Dublin 2, Ireland
e-mail: jwadding@rcsi.ie

323K.A. Neve (ed.), The Dopamine Receptors, 2nd Edition, The Receptors,
DOI 10.1007/978-1-60327-333-6_13,
C© Humana Press, a part of Springer Science+Business Media, LLC 2010



324 G.J. O’Sullivan et al.

(b) these anatomical distinctions are, in broad terms, reflected in modulation of
motoric, motivational, cognitive, and neuroendocrine functions, respectively [1, 2].
Furthermore, disruption of dopamine signaling is associated with a number of patho-
logical conditions including schizophrenia, Parkinson’s disease, and Huntington’s
disease, as detailed elsewhere in this book.

Elucidating the relative involvement of individual dopamine receptor subtypes
in these processes and the identification of novel dopamine-mediated behaviors
has been impeded by incongruence at the psychopharmacology–molecular biology
interface [3]. Specifically, the extent to which gene cloning has revealed greater
diversity in dopamine receptor typology beyond the original D1/D2 classifica-
tion, to include individual members of D1-like (D1 and D5) and D2-like (D2Short,
D2Long, D3, and D4) families, has not been matched by similar progress in develop-
ing selective agonists and antagonists for these receptors. Thus, although classical
psychopharmacological approaches have been instrumental in defining dopamine-
dependent behaviors at the family level, more incisive molecular genetic techniques
have been required to determine the functional roles of the individual members of
these families [4].

The profound impact of gene targeting on dopamine research is illustrated
by the fact that within 10 years of its application to the field, knockout mice
were created for dopamine [5], the dopamine transporter [6], each of the cloned
mammalian dopamine receptor subtypes [1, 7–10], including splice variants of
the D2 receptor [11, 12], and discrete intracellular signal transduction coupling
proteins [4].

During this period a number of reviews have described the evolution of find-
ings in dopamine receptor knockouts at various levels of phenotypic investigation
[1–4, 13–17]. With regard to dopaminergic regulation of behavior, recent reviews
have evaluated findings in dopamine receptor knockouts in the context of a spe-
cific behavioral disorder [16] or a generalized perspective of behavioral roles for
each receptor subtype [1]. We have offered comprehensive reviews on how stud-
ies in knockout mice have helped to elucidate the relative involvement of individual
dopamine receptors in spontaneous and drug-induced unconditioned behavior [3, 4].
This chapter aims to elaborate upon these earlier reviews by (a) providing an update
of recent behavioral findings in dopamine receptor knockouts, (b) describing addi-
tional findings from studies of conditioned and cognitive behavior in these mutants,
and (c) placing these developments in the context of prior knowledge of dopamine
receptor function in behavior.

13.2 Psychopharmacological Studies

A detailed account of findings obtained to date from behavioral studies using selec-
tive dopamine agonists and antagonists in intact vs. lesioned animals is voluminous
and beyond the scope of this chapter. Reviews of basic concepts in the regulation
of behavior by D1-like vs. D2-like receptors and by cooperative/synergistic and
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oppositional D1-like:D2-like interactions are available [18–20]. Thus, we have cho-
sen to focus primarily on behavioral modalities and psychopharmacological agents
that have undergone complementary evaluation in dopamine receptor knockouts in
an effort to facilitate the appraisal of behavioral findings using both approaches
and the identification of dopamine receptor-specific functional roles. For example,
we have previously investigated in rats the role of D1-like vs. D2-like receptors,
their interactions and associated transduction mechanisms in the regulation of orofa-
cial movements as a model system for studying these processes [21–24]. However,
only by developing more incisive assessment systems applicable to mice [25–27]
have we been able to exploit the potential of dopamine receptor subtype knockouts
for elucidating the role of individual receptor subtypes in the regulation of specific
topographies of orofacial movement.

13.2.1 D1-Like Receptors and Behavior

An early study found that the prototypical D1-like partial agonist SKF 38393
induced contralateral rotation in rats with unilateral lesions of substantia nigra [28].
Subsequent investigations in non-lesioned rodents demonstrated that SKF 38393
potently induced grooming behavior, including intense grooming syntax: a char-
acteristic subset of generalized grooming where the animal grooms the snout and
the face with the forepaws, followed immediately by vigorous grooming of the
flank/anogenital area with the snout [29]. Syntactic, intense grooming has been
well described in the ethological literature and appears to be modulated by a pat-
tern generator site within the anterior dorsolateral striatum and expressed via the
globus pallidus/ventral pallidum [30]. Induction of intense grooming behavior has
since become a widely accepted behavioral index of D1-like receptor activation in
rodents [18, 19, 31].

Low in vivo potency of SKF 38393 and only partial agonist activity at D1-like
receptors in terms of stimulating dopamine-sensitive adenylate cyclase prompted the
search for D1-like agonists with a more desirable pharmacological profile [18, 32].
Accordingly, several analogues of SKF 38393 were developed with varying effi-
cacy to stimulate dopamine-sensitive adenylate cyclase [33, 34]. Behavioral studies
using these agonists indicate that D1-like activation can, among others, alleviate
motor deficits in animal models of Parkinson’s disease [35], induce discrete topogra-
phies of orofacial movement [26], and reduce the reinforcing effects of cocaine [36].
Furthermore, studies using the selective D1-like antagonist SCH 23390 have iden-
tified functional roles for D1-like receptors in the cataleptic response to dopamine
depletion [37] and in reward-related learning [38].

More recent work in our laboratories using two selective D1-like agonists with
distinct biochemical effects indicates that subsets of D1-like-dependent behaviors
are coupled to distinct intracellular signaling mechanisms [21–24, 39]. For example,
SKF 83959, which fails to stimulate adenylate cyclase but stimulates phospholi-
pase C-mediated intracellular calcium release via heterooligomerization with D2
receptors [40], readily induces grooming and vacuous chewing that is sensitive to
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antagonism by SCH 23390, together with other effects typical of D1-like receptor
agonists [18]. Conversely, SKF 83822 which stimulates dopamine-sensitive adeny-
late cyclase, but not phospholipase C, induces prominent seizures in mice in the
absence of any material effect on grooming behavior [39].

The high degree of sequence homology that exists between D1 and D5 recep-
tors translates into substantial similarity in their respective pharmacological profiles.
Accordingly, at present no ligands have been identified which can materially differ-
entiate these cloned receptor subtypes in terms of ligand-binding affinity or potency
to stimulate adenylate cyclase using recombinant cell lines. Ironically, dopamine
itself is the most discriminating agent within the D1-like receptor family, demon-
strating approximately tenfold higher affinity for the human D5 receptor. Certain
antagonists, including cis [Z]-flupentixol and [+]-butaclamol, exhibit seven- to ten-
fold lower affinity for D5 than D1 receptors. While these ligands can be used to
differentiate D1 and D5 receptors in radioligand-binding studies and functional
in vitro assays, none can be used reliably to determine subtype-specific functions
in vivo [18].

13.2.2 D2-Like Receptors and Behavior

Early experiments with selective D2-like agonists, including quinpirole and quinelo-
rane, found that activation of D2-like receptors induced circling behavior in rats
with unilateral lesions in the basal ganglia [41]. Shortly thereafter, it was reported
that the induction of locomotion and rearing by apomorphine in mice was mimicked
by administration of RU 24213 alone [42], consistent with a fundamental role for
D2-like receptors in facilitating movement-related behavior. Indeed, proven effec-
tiveness of D2-like agonists in counteracting motor deficits in various animal models
of Parkinson’s disease initiated their use clinically, and D2-like agonists remain a
primary strategy in treating the disease [43]. Other findings that several D2-like
antagonists, including haloperidol and YM 09151-2, could attenuate apomorphine-
or amphetamine-stimulated hyperactivity in rodents [44] provided indirect evidence
for a fundamental role of D2-like receptors in the regulation of such behavior.
Furthermore, reports that D2-like agonists and antagonists are, respectively, anti-
convulsant and pro-convulsant, in epilepsy models [45] indicate an important role
for D2-like receptors in modulating seizure threshold.

Despite extensive structural homology between D2 and D3 receptors, a number of
compounds with high affinity and moderate selectivity for D3 receptors have been
developed. Low doses of the D3-preferring agonists 7-OH-DPAT and PD 128907
have been reported to reduce spontaneous activity in rats, whereas higher doses
stimulate non-stereotyped sniffing, locomotion, and chewing [46, 47]. More recent
findings from studies with 7-OH-DPAT suggest that D3 receptors are additionally
involved in discrete aspects of social behavior [48], anxiety [49], and attention
[50]. Furthermore, convergent evidence from studies with D3 antagonists indicates
an important functional role for D3 receptors in facilitating drug-seeking behavior
[51]. Localization of D3 receptors in cortico-limbic brain regions associated with
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cognitive and emotional functions has provoked considerable interest in selective D3
receptor antagonists as potential antipsychotic agents devoid of the extrapyramidal
side effects linked to striatal D2 receptor blockade [52].

The initial observation that the second-generation antipsychotic clozapine has
higher affinity for D4 vs. D2 receptors stimulated interest in developing D4 antago-
nists as putative therapies in the treatment of schizophrenia. While some pre-clinical
studies suggested antipsychotic effects for selective D4 antagonists, others found
little or no effect. Moreover, a number of clinical trials have found that selec-
tive D4 receptor antagonism is ineffective in alleviating psychotic symptoms in
patients with schizophrenia [53]. Studies in our own laboratory have demonstrated
that the selective D4 receptor antagonists L 745,870 and RO 61-6270 do not influ-
ence spontaneous or D2-like agonist-induced motor behavior [54], suggesting that
D4 receptors might be involved in more discrete social and cognitive processes.
Indeed, D4 receptor blockade has been found to improve cognitive impairments in
both rodents [55] and non-human primates [56]. Furthermore, Zhang and colleagues
have reported that D4 antagonists are effective in an animal model of attention
deficit hyperactivity disorder [57]. More recently, a role for D4 receptors in emo-
tion has been suggested by the report that infusion of L 745,870 into the medial
prefrontal cortex increases the percentage of open-arm entries and open-arm time
in the elevated plus maze test for anxiety [58]. Furthermore, studies with the selec-
tive D4 agonists PD 168,077 and RO 10-5824 have suggested functional roles for
the D4 receptor in memory consolidation [59] and novelty-seeking behavior [60],
respectively.

13.3 D1-like Receptor Family

Among the five cloned dopamine receptor subtypes, the D1 receptor gene was
the first to successfully undergo targeted deletion by homologous recombination
[10, 61]. Despite normal gross anatomy, brain architecture, and primitive reflexes,
homozygous D1 knockouts are significantly growth retarded, weighing on average
20–30% less than heterozygous knockout and wild type littermates [10, 61–63]. Five
years later, mice lacking functional D5 receptors were reported [15]. Homozygous
D5 knockouts are indistinguishable from wild types on gross inspection and display
intact sensory abilities and neurological reflexes [64].

13.3.1 D1 Knockout: Spontaneous Behavior

Initial studies using D1 knockouts maintained on a hybrid (129/Sv × C57BL/6)
genetic background found that horizontal and vertical activity were markedly ele-
vated in D1 knockouts in both novel and familiar environments [10, 65]. In contrast,
two subsequent studies using an independently created D1 knockout line maintained
on a similar hybrid genetic background observed reduced rearing, but normal loco-
motor activity, in D1 knockouts relative to wild types [61, 66]. Conversely, a more
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comprehensive behavioral evaluation of the same hybrid D1 knockout line [63] and
a third independently created D1 knockout [67] demonstrated a modest reduction in
the distance traveled by D1 knockouts over a short period of assessment in a novel
environment; however, a prominent delay in the initiation of movement was evi-
dent in D1 knockouts upon initial exposure to the test arena in one of these studies,
which likely contributed to the observed locomotor effect [63]. Another group has
reported that hybrid D1 knockouts exhibit reduced locomotion and rearing relative
to wild types over 15 min in an open field but not over 60 min in an automated
activity chamber [68]. In contrast, a more recent study by these investigators, using
same knockout line backcrossed to C57BL/6 for two generations, demonstrated
marked hyperactivity in D1 knockouts in both novel and familiar environments [69].
Spontaneous hyperactivity has also been observed in hybrid D1 knockouts over a
longer time frame under habituated conditions [70], consistent with an inhibitory
role for D1 receptors in movement-related behavior. Studies in our own labora-
tory have confirmed and elaborated the hyperactive phenotype in mice lacking
D1 receptors. Specifically, using a comprehensive ethologically based behavioral
assessment technique, hybrid D1 knockouts were found to display increased sniffing
and locomotion together with altered grooming during an initial period of explo-
ration in a novel environment [71, 72]. Furthermore, we have shown that habituation
of sniffing, locomotion, and rearing during the course of familiarization with an
environment is profoundly retarded in congenic D1 knockouts [62].

D1 knockouts have also been examined in a number of behavioral paradigms
designed to assess learning and reward. In the Morris water maze, hybrid D1 knock-
outs exhibit a longer latency to locate a submerged escape platform [63, 66, 68],
despite having a swim speed comparable to wild types and intact locomotor coor-
dination [61, 63, 66]. Another study has found that hybrid D1 knockouts require
significantly more trials than wild types to learn an operant conditioning paradigm
and demonstrate reduced responding for sucrose under various reinforcement sched-
ules. Furthermore, D1 knockouts were found to have a longer extinction time and
impaired reversal learning following acquisition of the task [73]. More recently,
impaired learning was observed in D1 knockouts when the temporal relationship
between reward-oriented behavior and reward retrieval was increased. Specifically,
D1 knockouts performed more poorly than wild types in the “triple T” maze in
which a predetermined sequence of correct left–right turns is required to obtain
a distal food reward [74]. Similar to the earlier report described above [73], the
magnitude of the learning deficit in D1 knockouts was greater when the required
turn sequence was altered following acquisition of the task [74]. However, it may
be that impaired learning in D1 knockouts is context dependent, as they have
been reported to perform normally in spontaneous alternation, passive avoidance,
fear conditioning, and two odor discrimination paradigms [63, 66]. Evidence for
blunted reward-related behavior in the absence of D1 receptors has been provided
by the recent report that D1 knockouts travel less and obtain fewer brain stimulation
rewards than controls in spatial learning tasks [67]. Indeed, more intense intracranial
self-stimulation of the nucleus accumbens was required in D1 knockouts to achieve
wild type levels of responding in this study.
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Additional studies have been performed in D1 knockouts at other levels of behav-
ioral investigation. With regard to dopaminergic regulation of spontaneous orofacial
movements, congenic D1 knockouts have been shown to display a marked reduction
in horizontal jaw movements in the absence of any material alteration in vertical jaw
movements, together with lower levels of tongue protrusions and incisor chattering
[75]; an additional finding, that D1-like agonist-stimulated orofacial topographies
are absent in D1 knockouts, provides convincing evidence that D1 receptors are
indeed responsible for the observed phenotypic effects. Inconsistent findings have
emerged in relation to the putative role for D1 receptors in the behavioral manifes-
tation of anxiety. In particular, one study found that hybrid D1 knockouts spent less
time in the more aversive open arms of the elevated plus maze than wild types and
executed a reduced number of transitions between the open and closed arms [76],
while other studies observed no effect of genotype in this test [68] or the light–dark
paradigm [77].

13.3.2 D1 Knockout: Drug-Induced Behavior

Pharmacological studies using selective D1-like and D2-like ligands in D1 knock-
outs have helped to determine the relative involvement of D1 vs. D5 receptors in D1-
like-dependent behaviors and to identify functional D1:D2-like interactions. Initial
phenotypic characterization of hybrid D1 knockouts revealed that the locomotor-
stimulant effects of the selective D1-like agonist, SKF 81297, are abolished in the
absence of D1 receptors. Furthermore, catalepsy induced by the selective D1-like
antagonist, SCH 23390, in the ring test was absent in D1 knockouts [10]. More
recently, we elaborated these findings by demonstrating that constituent behaviors
in the ethogram of congenic D1 knockouts are unaltered by a D1-like agonist or
antagonist [62]. Despite inconsistent findings in relation to the level of spontaneous
grooming behavior in D1 knockouts [71, 78], characteristic induction of groom-
ing by SKF 83959 is reduced in these mutants relative to wild types [62, 79].
Furthermore, grooming induced by cocaine and various neuropeptides is attenuated
in D1 knockouts [80, 81]. Additionally, the report that haloperidol-induced catalepsy
is dose dependently exaggerated in D1 knockouts [82] indicates that inhibitory
D1:D2-like receptor interactions are involved in mediating the cataleptic response
to D2-like receptor antagonism.

A significant body of evidence has accumulated supporting a role for D1 recep-
tors in the psychostimulant effects of cocaine. Specifically, locomotor activation in
response to acute and repeated cocaine administration is absent in D1 knockouts
[65, 69, 78, 81, 83]. Furthermore, the prominent rearing and grooming response
to repeated cocaine administration is markedly reduced in hybrid D1 knockouts
[81]. Although two studies have reported no difference between hybrid or incipient
congenic D1 knockouts and wild types in the cocaine conditioned place preference
paradigm [69, 83], a recent study has demonstrated that hybrid D1 knockouts exhibit
impaired acquisition of cocaine self-administration [84]. The latter study also
found that (a) wild types, but not D1 knockouts, successfully recommence cocaine
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self-administration following saline-induced extinction of responding and (b) selec-
tive agonists for D1-like or D2-like receptors function as positive reinforcers in wild
types, but not D1 knockouts.

Additional studies have investigated a role for D1 receptors in the mechanisms
of action of other commonly abused psychoactive substances. Indeed, independent
observers have found that hybrid D1 knockouts are unresponsive to the locomotor-
stimulant effects of morphine and ketamine [85, 86]. Furthermore, two groups have
reported a reduction in voluntary ethanol consumption and preference over water
in hybrid D1 knockouts relative to wild types, despite similar overall levels of
fluid consumption across the genotypes [76, 87]. A specific role for D1 receptors
in these effects is supported by the observation that pretreatment with a selec-
tive D1-like antagonist produced a comparable level of alcohol consumption in
wild type and D1 knockout mice. Additionally, the finding that a selective D2-like
antagonist reduced ethanol consumption in both genotypes indicates that coopera-
tive D1:D2-like interactions are involved in the reinforcing properties of alcohol in
mice [87].

Results obtained from studies investigating D1 receptor involvement in the
behavioral response to amphetamine are less consistent. Specifically, some inves-
tigators have observed reduced locomotor stimulation and sensitization in response
to both acute and repeated treatment with amphetamine, respectively, in hybrid D1
knockouts [81, 88]. In contrast, another group has found that locomotor sensitization
to repeated amphetamine administration in hybrid D1 knockouts is indistinguish-
able from wild types across a wide range of doses [89]. More recently, a marked
increase in locomotor sensitization to repeated amphetamine has been observed in
hybrid D1 knockouts when assessed in a novel but not familiar environment [90].
Pretreatment with a selective D1-like antagonist has been found to block the
development of locomotor sensitization in wild types but not D1 knockouts [89].
Collectively, these findings have led to speculation that external associative factors
and endogenous compensatory mechanisms (not involving D5 receptors) may be
responsible for the development of amphetamine-induced behavioral sensitization
in D1 knockouts [89, 90].

Novel findings in D1 knockouts have revealed an important role for D1 recep-
tors in modulating seizure threshold. We have previously shown that the ability
of selective D1-like agonists to induce seizures is critically dependent on their
intracellular signal transduction coupling effects [39]. Specifically, the D1-like ago-
nist, SKF 83822, which selectively stimulates adenylate cyclase, induces prominent
behavioral seizures in mice, whereas SKF 83959, which selectively stimulates phos-
pholipase C, does not (see Section 13.2.1). Interestingly, we have recently found
that SKF 83822-induced behavioral and EEG seizures are gene dose dependently
abolished in congenic D1 knockouts; in addition, EEG seizures in response to SKF
83822 are markedly reduced in knockout mice lacking the intracellular signal inte-
gration molecule, DARPP-32; furthermore, administration of SKF 83822 in wild
types produced a fivefold increase in DARPP-32 phosphorylation at Thr34 in striatal
slices and twofold increases in ERK1/2 and GluR1 AMPA receptor phosphorylation
in both the striatum and the hippocampus [91].
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13.3.3 Interpretation of D1 Knockout Phenotype

A summary of the behavioral changes reported to date from studies in D1 knock-
outs can be seen in Table 13.1. Despite uncertainty concerning the involvement of
D1 receptors in unconditioned psychomotor activity from early studies in hybrid
D1 knockouts [10, 61, 63], it is now clear that spontaneous locomotor and rearing
behavior are increased in D1 knockouts relative to wild types [62, 69, 92]. A hyper-
active phenotype in mice lacking D1 receptors is surprising given that selective
D1-like receptor antagonism induces profound locomotor suppression and catalepsy
in intact rodents [4]. Such incongruity between findings from pharmacological and
gene knockout studies is not easily reconciled, although radioligand-binding data
showing that D5- and D2-like receptor expression is essentially unaltered in D1
knockouts [10, 61, 65, 93] suggests that genetic compensation is not responsi-
ble. One possibility is that normally expressed D5 receptors are supersensitive in
mice lacking D1 receptors, as manifested in spontaneous hyperactivity; indeed,
modest hypoactivity is seen in congenic D5 knockouts [94] (see Section 13.3.4).
Paradoxically, locomotor stimulation in wild types following challenge with a selec-
tive D1-like agonist is absent in D1 knockouts [10, 62, 91]. A ceiling effect on
locomotion in D1 knockouts (whereby phasic drug challenge cannot further stim-
ulate spontaneous levels of activity) is unlikely, given that periods of behavioral
inactivity are seen in D1 knockouts under basal conditions [83]. Thus, it appears
that D1 receptors are critically involved in facilitating locomotion under phasic
conditions.

Classical pharmacological studies in genetically intact rodents have shown that
grooming behavior, and particularly ethologically complete grooming syntax, is
controlled by activity at D1-like receptors. Therefore, findings that spontaneous
grooming is only modestly reduced or even elevated in D1 knockouts under dif-
ferent environmental conditions were surprising [62, 71, 72, 78]. However, similar
to unconditioned locomotor activity, results from pharmacological studies in D1
knockouts have been more consistent. Specifically, induction of grooming by SKF
83959 [62, 79], cocaine [81], and various neuropeptides [78] is attenuated in D1
knockouts. Furthermore, Cromwell and colleagues have shown that sequencing of
discrete patterns of grooming behavior is disrupted in mice lacking D1 receptors
[95]. Taken together, these findings indicate that D1 receptor activation is indeed
necessary for the expression of grooming behavior in mice. However, it should
be mentioned that considering dopamine agonist-induced grooming is reduced, but
not abolished, in D1 knockouts, it is likely that other receptors are also involved.
Indeed, we have recently found modest modulatory roles for D4 and D5 receptors in
grooming behavior [94, 96] (see Sections 13.3.4 and 13.4.9).

Converging evidence indicates that D1 receptors have an important functional
role in shaping psychostimulant-induced reward-related behavior; that this is most
evident for cocaine, but less so for amphetamine, raises the possibility that
novel antagonists selective for D1 receptors may be efficacious in the treatment
of cocaine abuse. Precise reasons underlying the differential involvement of D1
receptors in mediating the behavioral effects of two psychostimulants that are
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each indirect agonists at dopamine receptors are currently unknown and warrant
further investigation.

It is well recognized that dopaminergic mechanisms in general and D1-like
receptors in particular are involved in mediating orofacial movements [18, 92].
Detailed understanding of the endogenous mechanisms that control orofacial
movements is important given their criticality in consumptive behavior, self-care,
offensive and defensive behaviors, vocalization and, in higher mammals, verbal and
non-verbal communication [4]. Additionally, in the clinical setting, orofacial dysk-
inesia is a common and distressing side effect of certain antipsychotic drugs that
requires resolution. The study of spontaneous and D1-like agonist-induced orofa-
cial movements in D1 knockouts has identified functional roles for D1 receptors in
positively modulating horizontal jaw movements, tongue protrusions, and incisor
chattering. Furthermore, the finding that gross head movements in response to a
selective D2-like agonist are excessive in D1 knockouts suggests that the inhibitory
D1:D2-like receptor interactions known to modulate certain dopamine-dependent
behaviors also regulate discrete topographies of orofacial movement [75].

There is now strong evidence that the ability of certain D1-like agonists to lower
seizure threshold is critically dependent on their stimulation of adenylate cyclase-
coupled, rather than phospholipase C-coupled, signal transduction cascades [39]
that involve DARPP-32 and ERK1/2 [91]. Indeed, it has recently been reported
that ERK signaling at D1 receptors occurs via an adenylate cyclase/protein kinase
A/DARPP-32 pathway, as the ability of amphetamine to induce ERK activation
is absent in DARPP-32 mutants [97]. Future studies examining the seizure pro-
file in D1 knockouts (a) following local administration of SKF 83822 in discrete
brain regions and (b) in response to convulsant agents acting on glutamatergic,
GABAergic, and cholinergic systems will clarify further the precise involvement
of D1 receptors in seizure processes.

Genetic manipulations other than conventional gene knockout by homologous
recombination in embryonic stem cells have been performed in mice to alter the
expression of D1 receptors in an attempt to elucidate their functional roles in vivo.
The first report of a transgenic mouse over-expressing D1 receptors appeared in
1999. Two heterozygote D1 transgenic lines were noted to have increased D1
receptor-binding sites in extra-striatal regions. Spontaneous behavior and loco-
motor stimulation by amphetamine or cocaine was indistinguishable between D1
transgenics and controls. Surprisingly, locomotor, rearing, and climbing responses
to the selective D1-like agonist SKF 81297 in wild types were reversed, not
potentiated, in mice over-expressing D1 receptors [98]. A similar spontaneous
hypokinetic phenotype in D2 knockouts led these investigators to speculate that
stimulation of over-expressed D1 receptors may suppress D2 receptor function
in this model; however, a subsequent study in D1 transgenic/D2 knockout mice
failed to support this hypothesis [99]. These findings are not easily reconciled with
data described above from pharmacological studies in intact rodents or mice with
targeted gene deletion of D1 receptors. However, the random integration of trans-
genes into the host genome using conventional transgenic techniques, leading to
regional and quantitative differences in protein expression, may be responsible for
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the observed phenotype in D1 transgenic mice. Future development of genetically
engineered mice with enhanced promoter activity of the native D1 receptor gene
would help to resolve this issue and may provide novel insights into D1 receptor
function.

In a separate study, Drago and colleagues used an elegant approach to specifi-
cally ablate D1 receptor-expressing cells in mice [100]. Although most heterozygote
mutants harboring activated diphtheria toxin in the D1 receptor gene died in the
neonatal period, those that survived were characterized by dystonic posturing,
myoclonic jerks, and marked bradykinesia relative to wild types, consistent with
an important role for neurons expressing D1 receptors in the control of movement.
More recently these investigators have used a similar approach to create a separate
mutant in which progressive ablation of D1 receptor-expressing cells begins in the
postnatal period [101]; unlike mice with congenital loss of D1 receptor-expressing
cells [100, 102], these mutants survive to adulthood and have normal gait and coor-
dination. Postnatal loss of D1 receptor-expressing cells was associated with hind
limb dystonia, hyperactivity in both novel and familiar environments, impaired oral
behavior, and spontaneous seizures [101]. While these models are invaluable pre-
clinical research tools in the study of neurological disorders characterized by loss
of discrete neuronal cell populations, such as Huntington’s disease, direct pheno-
typic comparison with D1 knockouts is complicated by the concomitant loss of other
cellular constituents in cell ablation mutants.

13.3.4 D5 Knockout: Spontaneous Behavior

A preliminary account of D5 knockouts maintained on a hybrid genetic background
(129/SvJ1 × C57BL/6) first appeared in a review article of dopamine receptor
function. Hybrid D5 knockouts evidenced significantly higher levels of horizon-
tal and vertical activity in an open-field environment and outperformed their wild
type counterparts in the rotarod test for locomotor coordination, leading to the
suggestion that D5 receptors normally act to depress or inhibit spontaneous motor
behavior [15]. A subsequent more comprehensive assessment of hybrid D5 knock-
outs evidenced incongruent phenotypic effects [64]. In contrast to the earlier report
outlined above, spontaneous locomotor activity was unaltered in hybrid D5 knock-
outs, while rearing activity was reduced in one batch of knockouts, but not another.
Additionally, no differences were observed between D5 knockouts and wild types
in a test of locomotor coordination.

Phenotypic assessments of hybrid D5 knockouts have also been carried out
at other levels of behavioral investigation. The finding that hybrid D5 knockouts
perform normally in the light–dark box and elevated plus maze argues against a
functional role for D5 receptors in anxiety-related behavior [15, 64]. Furthermore,
in the Morris water maze, D5 knockouts were found to exhibit normal learning and
spatial memory capabilities. Acoustic startle responses were found to be reduced
in one batch of D5 knockouts but not another; however, prepulse inhibition did not
differ between the genotypes in either batch suggesting that the involvement of D5
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receptors in gating responses to environmental stimuli, if any, is minimal and/or
complex. A gender-specific genotypic effect in D5 knockouts has been identified
in the Porsolt forced swim test for antidepressant activity, with male D5 knockouts
exhibiting lower levels of immobility compared to male wild types in this behavioral
paradigm [64].

To clarify the functional involvement of D5 receptors in mediating spontaneous
motor behaviors, we recently examined ethologically the phenotype of congenic D5
knockout mice over the course of exploration and habituation in a novel environ-
ment. During the initial period of exploration, D5 knockouts evidenced a modest
reduction in locomotion and a modest increase in sifting (exploratory movements of
the forepaws through the cage bedding), with no change in rearing or other behav-
iors relative to wild types. Over the course of subsequent habituation, topographical
shifts in behavior revealed additional phenotypic differences in D5 knockouts,
specifically an overall reduction in the level of grooming and delayed habituation
of rearing [94]. Furthermore, in a recent study to evaluate the involvement of D5
receptors in mediating spontaneous orofacial movement topography, congenic D5
knockouts were found to exhibit an increase in vertical jaw movements, which habit-
uated more slowly than in wild types, together with a decrease in both horizontal jaw
movements and movements of the vibrissae [103].

13.3.5 D5 Knockout: Drug-Induced Behavior

As part of the original behavioral characterization of hybrid D5 knockouts described
in Section 13.3.4 above, Holmes and colleagues examined behavioral respon-
siveness to the selective D1-like agonist, SKF 81297, and the selective D1-like
antagonist, SCH 23390. SKF 81297-induced horizontal activity was dose depen-
dently reduced in hybrid D5 knockouts over a 15-min period of assessment, while
vertical activity did not differ between the genotypes. During the dark phase of
rodent diurnal cycle, SCH 23390 was found to reduce horizontal and vertical activity
indistinguishably between hybrid D5 knockouts and wild types [64]. Collectively,
these findings led the investigators to speculate that D5 receptors might be involved
in facilitating phasic D1-like receptor-mediated locomotor stimulation but not tonic
baseline activity.

In 2003, Elliot and co-workers used hybrid D5 knockouts to investigate the func-
tional involvement of D5 receptors in the locomotor and discriminative stimulus
effects of cocaine. In an automated open-field environment, cocaine dose depen-
dently stimulated horizontal activity over a 1-h period of assessment. Horizontal
activity was gene dose dependently reduced in homozygous D5 knockouts relative
to wild types, consistent with a facilitative role for D5 receptors in mediat-
ing the locomotor-stimulant effects of cocaine. In contrast, the ability to dis-
criminate cocaine from saline did not differ between D5 knockouts and wild
types; the selective D1-like antagonist SCH 39166 was found to produce saline-
appropriate cocaine responding in both genotypes [104]. Taken together, these
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findings are consistent with a primary role for D1, but not D5, receptors in cocaine
discrimination.

Recently, we assessed congenic D5 knockouts in response to a range of selective
D1-like agonists with varying efficacies to stimulate adenylate cyclase and/or phos-
pholipase C, and the selective D2-like antagonist RU 24213 [94]. Administration
of SKF 83959 characteristically induced a dose-dependent topographical shift in
behavior from self-directed grooming at lower doses to prominent exploratory
locomotion, sifting, and rearing at higher doses [62, 79, 96]. Whereas overall lev-
els of grooming did not differ between the genotypes, episodes of ethologically
complete syntactic, intense grooming were significantly reduced in D5 knockouts.
Challenge with SKF 83959 produced a reciprocal increase in rearing behavior
in D5 knockouts relative to wild types. Unexpectedly, characteristic induction of
stereotyped “ponderous” locomotion by RU 24213 was dose dependently increased
in D5 knockout mice, indicating that inhibitory D5:D2-like receptor interactions
participate in discrete dopamine-mediated behaviors [94].

Interestingly, recent evidence has emerged to support a role for D5 receptors
in modulating seizure threshold. Specifically, cortical EEGs were recorded in con-
genic D5 knockouts in response to a dose of the selective D1-like agonist SKF
83822 previously shown to readily induce behavioral seizures in mice [39]. In both
heterozygous and homozygous D5 knockouts, the latency to first seizure was sig-
nificantly increased relative to wild types. Furthermore, the total number of EEG
seizures and, particularly, the number of high amplitude, high-frequency polyspike
EEG events were reduced in D5 knockouts [91].

13.3.6 Interpretation of D5 Knockout Phenotype

A summary of the behavioral changes reported to date from studies in D5 knock-
outs can be seen in Table 13.1. Inconsistent behavioral phenotypes observed in
D5 knockouts maintained on a hybrid (129/SvJ1 × C57BL/6) genetic background
between and within laboratories [15, 64] have complicated elucidating the func-
tional roles of the D5 receptor. Reduction in rearing in one batch of hybrid D5
knockouts but not another within the same study [64] suggests permutational dif-
ferences in 129/SvJ1 and C57BL/6 alleles between mice rather than deletion of the
D5 receptor may have produced the observed effect. Indeed, reduced rearing activity
is characteristic of 129/SvJ mice when compared directly with the C57BL/6 inbred
strain [105]. Alternatively, it might be that D5 receptors are minimally involved in
mediating discrete behaviors and large numbers of animals are required to resolve
these subtle effects. Regardless, it is difficult to determine with confidence the rele-
vance of isolated behavioral changes, such as increased antidepressant activity and
decreased acoustic startle responses, identified to date from studies using hybrid D5
knockouts alone. Replicating these studies in congenic D5 knockouts would provide
a more conclusive understanding of the precise behavioral roles of the D5 receptor
and possibly identify novel functions.
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Spontaneous locomotion and locomotor stimulation to a selective D1-like ago-
nist or cocaine are reduced in both hybrid and congenic D5 knockouts [64, 94, 104],
providing convincing evidence for a facilitative role of D5 receptors in ambulation.
In contrast, both spontaneous and D1-like agonist-induced rearing are increased in
congenic D5 knockouts. The latter finding combined with the reported increase
in spontaneous sifting in congenic D5 knockouts over an initial period of explo-
ration in a novel environment suggest a modest inhibitory role for D5 receptors
in mediating complex patterned exploratory behavior [92, 94]. Collectively, these
findings in D5 knockouts complement localization studies demonstrating D5 recep-
tor expression in discrete areas of the basal ganglia [106], a brain region well
established in processing signals relating to motor coordination and exploratory
behavior.

Interestingly, D1 knockouts maintained on both hybrid and congenic back-
grounds exhibit a contrasting spontaneous behavioral phenotype to that observed
in congenic D5 knockouts (see Section 13.3.1); they demonstrate increased locomo-
tion and decreased sifting upon initial exploration of a novel environment [62, 71].
Therefore, despite similarities in their respective pharmacological and biochemical
profiles, reciprocal functional organization might exist between D5 and D1 recep-
tors to regulate discrete topographies of behavior. In support of this hypothesis,
opposing roles of D5 and D1 receptors in modulating locomotor behavior have
been identified through the use of selective antisense oligonucleotide strategies in
6-OHDA-lesioned rats [107]. However, evidence from the study of orofacial move-
ments in individual D1 and D5 knockout lines suggests that cooperative functional
organization also exists within the D1-like receptor family. Specifically, both D1
and D5 receptors inhibit spontaneous vertical jaw movements and facilitate spon-
taneous horizontal jaw movements in mice, albeit with functional prepotency of
the D1 receptor [75, 92, 103]. The recent finding that characteristic induction of
stereotyped “ponderous” locomotion following challenge with a selective D2-like
agonist occurs to excess in congenic D5 knockouts [94] indicates that D5 recep-
tors also interact functionally with D2-like receptors to modulate behavior. How
such inhibitory D5:D2-like receptor interactions are organized within the brain at a
molecular, cellular, or network level and the relative involvement of D2, D3, and D4
receptors remains to be established.

In congenic D5 knockouts, spontaneous and drug-stimulated grooming behav-
ior is reduced [94]. A critical role for D1-like receptors in regulating grooming
is well recognized. Given promotion by D1-like agonists, attenuation by D1-like
antagonists, and attenuation in congenic D1 knockouts (see Section 13.3.2), it has
traditionally been assumed that D1 receptors play a primary, if not, exclusive role
in regulating grooming on the basis of their dense localization relative to D5 coun-
terparts in brain regions such as the dorsolateral striatum that are known to mediate
grooming [3, 4]. However, recent findings in congenic D5 knockout mice indicate
this conclusion to have been premature; both D1 and D5 receptors appear to be
involved in the expression of grooming [94]. Furthermore, reduction in syntactic
intense grooming, but not overall grooming events, in response to the selective D1-
like agonist SKF 83959 implies a functional role for D5 receptors in generating
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sequential grooming movements, as distinct from grooming initiation. A compara-
ble, more profound behavioral phenotype has also been observed in both hybrid and
congenic D1 knockout mice [62, 95]. Interestingly, lesion mapping studies in rats
have identified the dorsolateral neostriatum as crucial for the induction of sequen-
tial grooming behavior without disrupting the ability to emit grooming actions [30].
This, together with the report that D5 and D1 receptor immunolocalization is found
throughout the neostriatum in both rats and non-human primates [106], suggests that
intact D1 and D5 receptor signaling within this region is necessary for the induction
of sequential grooming behavior.

The recent finding in congenic D5 knockouts that D5 receptors participate in
the induction of seizures by selective D1-like agonists [91] elaborates an earlier
pharmacological study utilizing D1-like antagonists which could not determine the
relative anticonvulsant properties of the individual D1-like receptors [39]. A func-
tional role for D5 receptors in the mechanisms of seizure generation by selective
D1-like agonists has previously received little attention due to the well-established
preponderance of D1 vs. D5 receptor expression in both cortical and striatal brain
regions. Indeed, as the overall number of EEG seizures is reduced similarly in
both heterozygous and homozygous D5 knockouts, it would appear that, unlike for
D1 receptors (see Section 13.3.2), decreasing the level of D5 receptor expression
beyond 50% does not enhance the seizure protective effect. Regardless, these EEG
findings in congenic D5 knockouts have revealed a modest functional role for the
D5 receptor in mediating the convulsant effects of SKF 83822 that could not be
determined using behavioral assessment alone [94].

13.4 D2-Like Receptor Family

Shortly after the generation of the first D1 knockouts, mice lacking functional D2
receptors were reported [8]. The introduction of a premature stop codon in exon 2 of
the D2 receptor gene prevented the expression of either short or long splice variants
of the D2 receptor protein. Other “complete” D2 knockouts have since been created
[108–110], followed by mutants with selective knockout of the long isoform (D2L)
of the D2 receptor protein [11, 12]. Successful deletion of the D3 receptor gene in
mice was reported initially in 1996 [7], while D4 knockouts emerged the following
year [9].

13.4.1 D2 Knockout: Spontaneous Behavior

In 1995, the first “complete” D2 knockout constructed on a hybrid (129/SvJae ×
C57BL/6) genetic background was found to exhibit multiple physical and
movement-related abnormalities. Specifically, during a 5-min period of assessment
in an open field, D2 knockouts were characterized by hypoactivity and a marked
reduction in exploratory rearing behavior; posture, gait, and motor coordination
were also abnormal in these mutants. Furthermore, D2 knockouts demonstrated less
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mobility on the ring test used for the assessment of catalepsy in mice [8]. The fol-
lowing year, as part of a study evaluating the functional involvement of D2 receptors
in regulating pituitary hormone secretion, hybrid (129/Sv × BDF1), D2 knockouts
created using a different gene targeting vector were similarly found to be hypoac-
tive relative to wild types and to exhibit abnormal gait [110]. Consistent with these
earlier reports, a third hybrid (129/Sv × C57BL/6) D2 knockout line evidenced
reduced body weight, hunched posture, and bradykinesia; surprisingly, the magni-
tude of these deficits was noted to improve significantly with increasing age [108].
In an experiment to investigate the effect of heterogeneity in the genetic background
on mutant phenotypes, a fourth D2 knockout line [109] was examined on the origi-
nal hybrid (129/SvEv × C57BL/6) genetic background and also following multiple
backcrosses to each of the parental strains. Profound deficits in motor coordination
were observed in hybrid D2 knockouts and the parental 129/SvEv strain, but not
incipient congenic C57BL/6 D2 knockouts, leading these investigators to conclude
that strain-related differences, not deletion of the D2 receptor, were responsible for
the ataxia [111].

Realization that genetic background is a potential confounder in the interpreta-
tion of mutant phenotypes prompted additional studies in D2 knockouts at increasing
levels of congenicity. Indeed, in contrast to previous findings in hybrid D2 knockouts
[8, 110], postural abnormalities, spontaneous catalepsy, or tremor were not observed
in D2 knockouts comprising mainly C57BL/6 alleles [111, 112]. A more consistent
effect of D2 receptor deletion has been shown in relation to other movement-related
behaviors. Specifically, we have demonstrated that, in agreement with their hybrid
counterparts, incipient congenic D2 knockouts exhibit a modest reduction in spon-
taneous locomotion and qualitative shifts in discrete topographies of rearing relative
to wild types over an initial period of exploration in a novel environment [113].
Furthermore, reduced locomotion and increased topographies of rearing have also
been described in congenic D2 knockouts [114]; an additional finding that poor per-
formance in congenic D2 knockouts on the rotarod is unrelated to parental strain
indicates that absence of D2 receptors is indeed responsible for the observed deficit
in motor coordination [114] and not epistasis, as previously suggested [111]. In
relation to dopaminergic regulation of spontaneous orofacial movements, we have
recently shown that incipient congenic D2 knockouts are characterized by increased
vertical jaw movements and unaltered horizontal jaw movements, with reductions
in tongue protrusions, incisor chattering, and head movements relative to wild types
[115], consistent with both facilitative and inhibitory roles for D2 receptors in
discrete topographies of orofacial movement.

D2 knockouts have also been used to investigate the involvement of D2 recep-
tors in learning and reward-related behavior. In relation to the latter, an early study
found no difference between hybrid D2 knockouts and wild types in a conditioned
place preference paradigm where food was available as a reward [116]. Conversely,
in a more recent study using congenic D2 knockouts where mice were trained
to self-stimulate the lateral hypothalamus, stronger electrical currents were neces-
sary to achieve a stable level of operant responding in mutants [117]; deficits have
also been identified in D2 knockouts in the acquisition of a task where intracranial
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stimulation was available as a reward [118], indicating that reinforcement processes
are impaired in the absence of D2 receptors. A more consistent picture has emerged
with regard to D2 receptor involvement in associative learning. Specifically, one
study has shown that congenic D2 knockouts require more trials than wild types
to achieve stable operant responding in a conditioned place preference paradigm
[114]. More recently, impaired associative learning has been reported in congenic
D2 knockouts in a two-odor discrimination paradigm; in particular, whereas female,
but not male, D2 knockouts exhibited poor ability to discriminate between two odors
to obtain a food reward [119], both genders required significantly more trials than
wild types to demonstrate reversal learning of the task [120]. However, the possibil-
ity that reinforcement mechanisms are disturbed in D2 knockouts renders it difficult
to distinguish between the effects of D2 receptor knockout on reinforcement vs.
acquisition of cue value via associative learning.

In a delayed alternation paradigm, incipient congenic D2 knockouts were charac-
terized by impairments in spatial working memory, as determined by their inability
to enter the correct arm on a T maze, when progressive time delays were introduced
before commencing a previously learned task [121].

13.4.2 D2 Knockout: Drug-Induced Behavior

A number of studies have examined D2 knockouts following challenge with selec-
tive D1-like or D2-like agonists to further characterize the mechanisms through
which functional dopamine receptor interactions modulate behavior and to identify
additional behavioral phenotypes that might have been masked under basal condi-
tions. In dopamine-depleted mice, combined administration of a selective D1-like
and D2-like agonist but not the selective D1-like agonist alone was found to reverse
locomotor deficits in wild types but not hybrid D2 knockouts [111], indicating that
cooperative D1-like:D2 receptor interactions are necessary for the production of
spontaneous ambulatory behavior. Our own finding that characteristic induction of
stereotyped sniffing and ponderous locomotion in response to high doses of the
selective D2-like agonist RU 24213 was markedly reduced in incipient congenic
D2 knockouts [113] provides additional evidence that D2 receptors are involved
in mediating discrete dopamine-dependent behaviors. Indeed, haloperidol-induced
catalepsy is gene dose dependently abolished in both hybrid and incipient congenic
D2 knockouts [111, 122], indicating that among D2-like receptors, selective D2
receptor blockade is responsible for the emergence of extrapyramidal side effects
that frequently complicate the use of first-generation antipsychotic drugs. It also
appears that D2 receptors participate in inhibitory dopamine receptor processes to
modulate particular behaviors. Specifically, Boulay and colleagues have shown that
the D2/D3 agonists 7-OH-DPAT and PD 128907 reduce locomotor activity in wild
types but not incipient congenic D2 knockouts in a gene dose-dependent manner
[112]. Furthermore, we have found that incipient congenic D2 knockouts exhibit
heightened orofacial movements, termed vacuous chewing, when compared with
wild types following challenge with the selective D1-like agonist A 68930 [113].
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Such findings are most readily explained by the absence in D2 knockouts of D2
receptors that exert inhibitory effects on these functions. Pharmacological studies
in D2 knockouts have also identified functional interactions between dopamine and
other neuromodulators. Specifically, the locomotor-stimulant effects of the adeno-
sine A2A receptor antagonist caffeine are attenuated in D2 knockouts [123, 124].
Furthermore, a selective adenosine A2A receptor agonist has been shown to reduce
spontaneous and amphetamine-stimulated locomotion in D2 knockouts and wild
types [123]. Taken together, these findings are consistent with antagonistic and inde-
pendent roles for dopamine D2 and adenosine A2A receptors in controlling discrete
motor functions.

Generation of D2 knockout mice has enabled researchers to investigate a putative
role for D2 receptors in the locomotor-modulating effects of various drugs of abuse.
With regard to opiates, separate findings in hybrid [116] and congenic [125] D2
knockouts do not support a role for D2 receptors in morphine-induced hyperactivity.
Conversely, the opioid antagonist naloxone has been shown to suppress sponta-
neous locomotor activity in wild types but not congenic D2 knockouts. Interestingly,
naloxone was found to similarly reduce basal locomotion in β-endorphin knock-
outs but not in enkephalin knockouts or β-endorphin/enkephalin double knockouts.
Collectively, these findings indicate that D2 receptors are involved in modulating
spontaneous locomotor activity stimulated by the endogenous opioid enkephalin
[125]. Unlike morphine, the locomotor-stimulant effects of methamphetamine and
MDMA are reduced in congenic D2 knockouts [126, 127]. Furthermore, ethanol-
induced ataxia is reduced in D2 knockouts of incipient congenicity on either a
C57BL/6 or a 129/Sv background [128, 129]. To date, no consensus has been
reached concerning D2 receptor involvement in cocaine-induced hyperactivity,
with one study demonstrating reduced locomotor activity in hybrid D2 knock-
outs [130] and another showing no difference between congenic D2 knockouts and
controls [131].

Other studies have evaluated drug-seeking behavior in D2 knockout mice. Two
groups have shown that morphine-induced conditioned place preference is absent
in both hybrid and congenic D2 knockouts under different reinforcement schedules
[116, 132]. Furthermore, although morphine-induced conditioned place preference
was unaltered in drug-naïve incipient congenic D2 knockouts, opiate withdrawn
and dependent D2 knockouts did not show place preference for morphine [133].
More recently, morphine has been shown to potentiate the rewarding properties of
self-administered hypothalamic brain stimulation in wild types but not congenic
D2 knockout mice. Interestingly, a similar effect of D2 receptor deletion was not
observed for amphetamine using identical experimental techniques [117]. In relation
to cocaine, high, but not low, doses have been found to increase levels of self-
administration [134] and induce conditioned place preference [130] in hybrid D2
knockouts. Furthermore, the abilities of selective D2-like antagonists and agonists,
respectively, to increase cocaine self-administration and serve as cocaine substitutes
in wild types are absent in hybrid D2 knockouts [134]. Collectively, these findings
suggest that although D2 receptors are not essential for cocaine self-administration,
they are involved in positively modulating the rewarding effects of this drug.
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Finally, additional studies in D2 knockouts have evaluated the role of D2 recep-
tors in seizure processes. Interestingly, although D2 knockouts do not evidence
spontaneous behavioral seizures, Bozzi and colleagues have demonstrated that
hybrid D2 knockouts develop seizures at doses of kainic acid and pilocarpine that do
not affect seizure threshold in wild types. Furthermore, seizure-related neuronal cell
death in response to these agents was reduced in D2 knockouts [135, 136]. These
findings, when considered with recent results from seizure studies in D1 knock-
outs [91] (see Section 13.3.2), indicate that D1 and D2 receptors have important
functional roles in lowering and elevating seizure threshold, respectively.

13.4.3 D2L Knockout

In 2000, two reports emerged describing the spontaneous behavioral phenotype in
mice with selective knockout of the long isoform (D2L) of the D2 receptor [11, 12].
In the first study, no difference was found in locomotor activity between D2L knock-
outs and wild types over a period of exploration in a novel environment [11].
Conversely, in the second study, locomotion and rearing were reduced in both hybrid
and incipient congenic D2L knockouts over 5 min of assessment in an open field.
Furthermore, latency to fall from the rotarod was significantly reduced in incipi-
ent congenic D2L knockouts on the first trial but not during subsequent trials [12].
Additional evidence for movement-related abnormalities in D2L knockouts has been
provided by a study comparing incipient congenic mutants and wild types at various
developmental stages [137]. Interestingly, deficits in locomotion and coordination in
young adult D2L knockouts mirrored those in aged, but not young, wild types, con-
sistent with a Parkinsonian-like phenotype in D2L mutants in a manner similar to
that previously suggested in “complete” knockout mice [8].

D2L knockouts have also been used to determine the relative contribution of indi-
vidual D2 receptor isoforms to other dopamine-dependent behaviors. In relation to
associative learning, a significant impairment has been observed in incipient con-
genic D2L knockouts in the acquisition of a conditioned avoidance task [137, 138],
suggesting that D2L receptors participate in the behavioral response to aversive stim-
uli. Additional evidence has emerged supporting the involvement of D2L receptors
in reward-related behavior. Specifically, in the pleasurable wheel-running paradigm,
incipient congenic D2L knockouts were found to perform fewer wheel turns than
wild types, in the absence of any detectable difference between the genotypes on
the rotarod, suggesting that blunted reward and not impaired motor coordination
was responsible for the observed effect [139].

Other investigators have investigated D2L receptor involvement in the regula-
tion of discrete emotion-driven behaviors. There were no difference between D2L
knockouts and wild types in terms of general activity or open sector entries on
the zero maze, indicating that D2L receptors are not involved in the behavioral
manifestation of anxiety [137]. In support of this finding, a separate study found
no difference in defecation between the genotypes following exposure to a stress-
ful environment [138]. In fact, hybrid D2L knockouts have been characterized by
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a lower bite frequency and shorter attack duration than wild types in the resident
intruder test, consistent with attenuated stress-induced offensive aggression in these
mutants [140].

Many of the pharmacological studies conducted in “complete” D2 knockouts
have also been performed in D2L knockouts. A low dose of the selective D2-like
agonist quinpirole suppressed locomotion in hybrid D2L knockouts but not wild
types [11]. Conversely, in an alternative hybrid D2L knockout line, a similarly low
dose of quinpirole was not associated with an observable genotypic difference in
locomotion [12]; however, methodological differences in the time between injection
of the drug and commencing behavioral assessments may explain the discrepant
findings between these two studies. Locomotor stimulation by the non-selective
dopamine receptor agonist apomorphine and the selective D1-like agonist, SKF
81297 were also markedly reduced in D2L knockouts [11]. More recently, it has been
reported that climbing behavior induced by amphetamine, apomorphine, and com-
bined D1-like and D2-like agonists is significantly attenuated in incipient congenic
D2L knockouts. In addition, a higher level of stereotyped non-offensive biting was
observed in D2L knockouts than wild types in response to the combined administra-
tion of quinpirole and SKF 81297, but not when these agonists were administered
individually [141] leading these authors to speculate that cooperative D1-like/D2L
and D1-like/D2S receptor interactions are involved in mediating locomotor and
stereotyped behavior, respectively. A number of studies have shown that catalepsy
induced by the antipsychotics haloperidol and raclopride is essentially abolished
in both hybrid and incipient congenic D2L knockouts [11, 12, 142]. Furthermore,
locomotor suppression following challenge with these antagonists in wild types is
attenuated in D2L knockouts [12, 142].

In relation to D2L receptor involvement in mediating behavioral responsive-
ness to drugs of abuse, one study has shown that the locomotor-stimulant effect
of morphine is unaltered in incipient congenic D2L knockouts. In contrast, con-
ditioned place preference for morphine and conditioned place avoidance induced
by naloxone-precipitated morphine withdrawal was disrupted in D2L knockouts
[138]. Taken together, these results suggest that while D2L receptors do not
appear to participate in morphine-induced hyperactivity, they are important in the
rewarding properties of morphine and aversive properties of opiate withdrawal.
Interestingly, additional findings that cocaine-induced locomotor stimulation is
moderately reduced [130] while cocaine conditioned place preference is unaltered in
D2L knockouts [130, 138] indicate that D2L receptors may have different functional
roles for individual drugs of abuse.

13.4.4 Interpretation of D2 and D2L Knockout Phenotypes

A summary of the behavioral changes reported to date from studies in D2 and
D2L knockouts can be seen in Table 13.1. The availability of independent knock-
out lines lacking both short and long isoforms of the D2 receptor or selective
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deletion of the latter allows systematic comparison of results obtained from stud-
ies in these mutants to identify isoform-specific D2 receptor functions. Before
discussing the results from studies in D2L knockouts and their contribution to
our understanding of D2 receptor function at the level of behavior, it should be
mentioned that, as expected, northern blot analysis in both of the original D2L
knockout lines revealed no difference in D2 receptor mRNA between knock-
outs and wild types [11, 12]. Therefore, the short isoform of the D2 receptor
is over-expressed in D2L knockouts and may be functionally relevant. In an ele-
gant approach to resolve this issue, Centonze and colleagues mated “complete” D2
knockouts and D2L knockouts to achieve more physiological levels of D2S receptor
expression [143]; however, this strategy has not been adopted in behavioral studies
to date.

Initial phenotypic characterization of D2 knockouts on a hybrid genetic back-
ground exhibited some of the clinical features found in Parkinson’s disease, leading
the originators to speculate that the D2 knockout mouse constitutes a reliable model
of the human neurodegenerative condition [8]. However, subsequent studies have
failed to identify abnormal posture, gait, or spontaneous tremor in incipient or
fully congenic D2 knockouts [111, 112]. Despite these inconsistencies, converging
evidence indicates that spontaneous locomotion and coordination are significantly
reduced in D2 knockouts [8, 108, 110, 111, 113, 114]. More detailed assessment of
locomotion in D2 knockouts has revealed that initiation of movement, time spent in
motion, and distance traveled are all decreased in these mutants [111]. Thus it would
appear that akinesia rather than bradykinesia is responsible for spontaneous hypoac-
tivity in D2 knockouts. Interestingly, similar locomotor and coordination deficits
have been observed in D2L knockouts [11, 12, 137], indicating that the long iso-
form of the D2 receptor may be responsible for movement-related phenotypes in D2
knockouts.

A comparative study between congenic D2 knockouts and the inbred 129/Sv and
C57BL/6 parental strains has identified additional D2 receptor-dependent behav-
iors that are unrelated to genetic background effects [114]. First, rearing directed
toward the walls of the testing apparatus is significantly increased in D2 knock-
outs. Excessive rearing confined to the perimeter of the cage together with reduced
locomotion could indicate increased anxiety in D2 knockouts. However, D2 or D2L
knockouts do not exhibit increased defecation during exploration of an unfamiliar
environment [138, 144] and D2L knockouts are indistinguishable from wild types
on the zero maze [137], consistent with normal levels of anxiety in these mutants.
Furthermore, our finding that D2 knockouts are characterized by significant shifts in
multiple topographies of rearing during the course of habituation to a novel environ-
ment [113] indicates that D2 receptor involvement in rearing is more complex and
cannot be loosely classified as either facilitative of inhibitory. Second, D2 knockouts
are supersensitive to the tremor-inducing effect of the indole alkaloid, harmaline
[114]. It is possible that increased tremor may be due to known learning deficits in
D2 knockouts [114, 118–120] in a manner where movement-induced tremor acts
as an aversive stimulus in wild type mice. Alternatively, increased tremor may
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represent phasic exacerbation of Parkinsonian-like abnormalities in D2 knockouts
that are compensated for under tonic conditions.

Induction of catalepsy in rodents is a characteristic feature of antipsychotics
whose pharmacological effects are mediated via selective antagonism at D2-like
receptors. It is generally accepted that antipsychotics with low potency to induce
catalepsy are associated with fewer extrapyramidal side effects that frequently
complicate the treatment of psychosis. Interestingly, haloperidol-induced catalepsy
is markedly reduced in D2 knockouts [111, 122], suggesting that, within the D2-like
family, D2 receptors are predominantly involved in the cataleptic response to typi-
cal antipsychotics. Similar observations in D2L knockouts [11, 12, 142] indicate that
the long isoform of the D2 receptor may be responsible for the induction of catalep-
tic behavior. It therefore remains possible that novel antagonists with preferential
affinity for D3 receptors may retain therapeutic efficacy in treating psychosis in the
absence of motoric side effects.

The extent to which D2 receptors modulate locomotor activity induced by psy-
chostimulants is less clear. While D2 receptors appear to facilitate hyperactivity
induced by caffeine, methamphetamine, and MDMA [123, 124, 126, 127], they do
not appear to modulate locomotor stimulation induced by morphine [116, 125] or
cocaine [130, 131]. Conversely, there is convincing evidence that D2 receptors are
important, but not essential, in the reinforcing properties of both morphine [116,
117, 132, 133] and cocaine [130, 134]. Interestingly, D2 receptors do not appear to
participate in the rewarding effects of amphetamine [117] and D2L receptors appear
to be differentially involved in the mechanisms of action of various drugs of abuse
[130, 138], highlighting the complexity of neural processes underpinning substance
abuse-related behavior. It should be noted that learning and coordination deficits in
D2 and D2L knockouts [8, 12, 111, 114, 118–120, 137, 138] may impair perfor-
mance in operant conditioning paradigms that are frequently employed in substance
abuse studies.

Pharmacological studies using selective dopamine agonists in D2 and D2L knock-
outs have broadened our understanding of the mechanisms through which D2
receptors functionally interact with their D1-like counterparts to modulate loco-
motor behavior. Findings that locomotor stimulation by indirect and non-selective
dopamine agonists is attenuated in both D2 and D2L knockouts [11, 111, 141]
indicate that cooperative D1-like/D2L receptor interactions are necessary for the
production of normal ambulatory behavior. How such interactions are organized
within the brain is presently unclear; one possibility involves D1/D2 heterodimers
formed by direct protein–protein interactions (reviewed in Chapter 10). Our find-
ing that vacuous chewing following challenge with a selective D1-like agonist
occurs to significant excess in D2 knockouts [113] suggests that inhibitory D1-
like/D2 receptor interactions also exist. Such inhibitory functional interactions may
be conceptualized by the absence of pre-synaptic D2S receptors in D2 knockouts
causing increased dopamine synthesis and enhanced activation of D1-like recep-
tors. Similar mechanisms might also explain excessive D1-like receptor-dependent
induction of grooming following challenge with cocaine in D2 knockouts [130].
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The study of spontaneous orofacial movements in dopamine receptor knockouts has
provided additional insight into the mechanisms by which signaling through individ-
ual dopamine receptor subtypes can influence behavioral phenotype. Specifically,
D2 knockouts are characterized by increased vertical jaw movements and unaltered
horizontal jaw movements [115] while D1 knockouts evidence reduced horizontal
jaw movements and unaltered vertical jaw movements [75] (see Section 13.3.1),
consistent with reciprocal roles for D1 and D2 receptors in regulating composite
oral behavior [4, 20].

Finally, classical seizure studies using selective D2-like agonists and antagonists
in rodents have suggested that D2-like receptors elevate seizure threshold under
normal conditions [45]. Studies with convulsant agents in D2 knockouts have elab-
orated these earlier findings by demonstrating that, among the D2-like family, D2
receptors are primarily involved in these effects and further suggest that D2 recep-
tors prevent seizure-induced neuronal cell death [135, 136]. To date, seizure studies
have not been performed in D2L knockouts so the relative importance of short and
long isoforms of the D2 receptor in these actions is currently unknown. Regardless,
these findings raise the possibility that development of novel agonists selective for
D2 receptors may have therapeutic utility as anticonvulsant agents.

13.4.5 D3 Knockout: Spontaneous Behavior

Generation and behavioral characterization of the first D3 receptor knockout mouse
was reported in 1996 [7]. Homozygous hybrid (129/SvJ1 × C57BL/6) D3 knock-
outs displayed significant increases in both horizontal and rearing activity relative
to wild types throughout 15 min of exploration in an open field, while locomo-
tor activity was increased to a similar level in heterozygous D3 knockouts in a
time-dependent manner. The following year, phenotypic evaluation of a second D3
knockout mouse line created using a different gene targeting construct was reported
[145]. Although overall levels of spontaneous horizontal activity in these hybrid
(129/Sv × C57BL/6) D3 knockouts did not differ from wild types over 30 min
in a novel environment, post hoc analysis revealed that D3 knockouts were hyper-
active during the first 5 min of the test. Subsequent assessments of locomotor
activity following habituation to the testing environment were not associated with
any observable genotypic effects. A similar lack of significant genotypic effect for
horizontal activity and total distance traveled over 30 min in an unfamiliar environ-
ment has been reported in a third independently generated D3 knockout line [108].
In the most recently constructed D3 knockout mouse, non-significant increases in
total distance traveled and vertical activity relative to wild types have been observed
under similar experimental conditions [146]. However, analysis of the data over
constituent time bins, which revealed significant time × genotype interactions for
locomotion in the first two D3 knockout lines [7, 145], was not documented in the
latter two studies.

A number of behavioral studies incorporating phenotypic assessments of loco-
motion and/or rearing have since been conducted on the original D3 knockout
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lines. In separate studies comparing single and double dopamine receptors knock-
outs, hybrid D3 knockouts created by Accili and colleagues evidenced significant
increases in horizontal and vertical activity relative to wild types over 15 min of
exploration in an unfamiliar environment [68, 144]. Backcrossing this particular
hybrid D3 knockout line to the C57BL/6 inbred strain for one generation produced
discrepant behavioral results across two laboratories. In one study, activity levels in
D3 knockouts were indistinguishable from wild types over the course of exploration
of and habituation to a novel environment when tested during either the light or the
dark phase of the rodent diurnal cycle [147]. Conversely, in another study, although
no genotypic difference was observed for spontaneous locomotor activity in a novel
environment during the light phase, D3 knockouts were consistently hyperactive rel-
ative to wild types over a 3-h period during the dark phase [148]. Results from more
recent experiments in D3 knockouts of increasing congenicity demonstrate similar
incongruity. Specifically, among three studies evaluating spontaneous locomotion
in a novel and/or familiar environment in incipient or fully congenic D3 knockouts
[69, 149, 150], only one [149] observed a significantly greater level of locomotion
in D3 knockout mice.

In our own laboratory, when assessed ethologically over a 1-h period of
exploration in a novel environment, hybrid D3 knockouts were characterized by
significant increases in spontaneous sniffing, locomotion, and discrete topographies
of rearing, together with a decrease in grooming relative to their wild type coun-
terparts. Over the course of habituation to the environment, initially high levels of
sniffing and rearing endured in D3 knockouts but not in wild types [72]. In con-
trast, when evaluated using identical phenotypic assessment techniques by the same
observer, congenic D3 knockouts were characterized by no alteration in any topog-
raphy of spontaneous behavior present in the mouse repertoire during exploration in
a novel environment; continued assessment over several hours revealed only delayed
habituation of rearing that was limited to females [151].

A number of studies have utilized D3 knockouts to investigate the possible
involvement of D3 receptors in the behavioral manifestation of anxiety. Xu and col-
leagues noted that hybrid D3 knockouts and wild types made a similar number of
entries into the more aversive open arms of an elevated plus maze, leading these
investigators to speculate that increased locomotion previously reported in these
mutants is not secondary to a heightened state of anxiety [145]. In contrast, two
subsequent studies using the original hybrid line created by Accili and colleagues
found that D3 knockouts made significantly more entries and spent more time in the
open arms of an elevated plus maze [68, 152], consistent with an anxiolytic effect
of D3 receptor deletion in these mice. In support of this finding, D3 knockouts were
more inclined than wild types to enter the central section of an unfamiliar open field
[152]. Furthermore, in a separate study characterizing the behavioral phenotype of
hybrid D3 knockouts over the course of exploration in a Lat maze, defecation during
the test, which is another objective measure of anxiety, was reduced in heterozygous
D3 knockouts [144].

D3 knockouts have also been investigated in other spontaneous behavioral
paradigms. In relation to orofacial movement topography, we have demonstrated
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that, relative to wild types, congenic D3 knockouts evidence transient increases and
reductions in head movements and horizontal jaw movements, respectively; vertical
jaw movements, tongue protrusions, and movements of the vibrissae are unaltered
in these mutants. Furthermore, habituation of incisor chattering was significantly
reduced in D3 knockouts in a gender-specific manner [115]. On the T maze, which
is a delayed alternation paradigm used to evaluate spatial working memory, modest
impairments were noted in incipient congenic D3 knockouts when successive incre-
ments in retention time before commencing the next trial were introduced [121].
Finally, although a recent study found no genotypic differences in spontaneous
immobility during the forced swim test for antidepressant behavior, an increase in
immobility was seen following vehicle injection in wild types but not incipient con-
genic D3 knockout mice [153]. Interestingly, other studies involving D3 knockouts,
including isolated findings in our own laboratory, have reported similar genotypic
differences in response to vehicle injection [147, 151, 154], raising the possibility
that D3 receptors might be involved in the behavioral response to stress in mice.

13.4.6 D3 Knockout: Drug-Induced Behavior

As part of the original characterization of their hybrid D3 knockout, Xu and col-
leagues found that D3 knockouts exhibit locomotor supersensitivity in response to
the combined administration of selective D1-like and D2-like agonists but not when
these agents are administered separately [145]. In support of this finding, we have
recently demonstrated that wild type locomotor responses to either the selective D1-
like agonist SKF 83959 or the selective D2-like agonist RU 24213 are unaltered in
congenic D3 knockouts over the course of exploration and subsequent habituation to
a novel environment [151]. Interestingly, the enhanced locomotion in response to the
combined administration of D1-like and D2-like agonists is preserved in dopamine-
depleted D3 knockouts [145]. Taken together, these results suggest that D3 receptors
modulate ambulatory behavior by inhibiting the cooperative effects of post-synaptic
D1-like and D2-like receptors.

Locomotor hyperresponsivity in hybrid D3 knockouts has also been observed
following acute challenge with low, but not high, doses of the indirect dopamine
agonist cocaine [145]. In contrast, a subsequent experiment demonstrated that D3
knockouts are characterized by a blunted locomotor response to both acute and
repeated cocaine administration; however, the progressive emergence of stereo-
typed head-bobbing behavior associated with serial cocaine dosing in this study
was markedly elevated in D3 knockouts relative to wild types [155]. Similar studies
investigating the behavioral effects of cocaine have also been performed in incipient
congenic D3 knockouts and produced inconsistent findings. Specifically, whereas
repeated cocaine administration was associated with a higher level of locomotion
in D3 knockouts relative to wild type controls in one study [156], another group
reported that locomotor stimulation and stereotyped behavior in response to acute
cocaine administration did not differ between the genotypes [148]. Furthermore, in
a recent study evaluating the role individual dopamine receptors and interactions
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thereof in the behavioral effects of cocaine, locomotor stimulation, and conditioned
place preference were unaltered in D3 knockouts [69].

A number of studies in D3 knockout mice have investigated the role of D3
receptors in mediating behavioral responses to other psychostimulant drugs of
abuse. Xu and colleagues have documented that a lower dose of amphetamine is
required to produce conditioned place preference in hybrid D3 knockouts than wild
types [145]. In addition, low, but not high, dose amphetamine has been shown
to stimulate locomotion to a greater extent in incipient congenic D3 knockouts
than in wild types over 3 h under partially habituated conditions [157]. A similar
place preference and locomotor profile in response to morphine has been reported
in incipient congenic D3 knockouts. With regard to the former, an antagonist
selective for μ-opioid receptors prevented the morphine-induced place preference
effect, suggesting that functional D3:μ-opioid receptor interactions mediate the
reinforcing effects of this drug [149]. These findings of exaggerated locomotor
responses to cocaine, amphetamine, and morphine in D3 knockouts are consistent
with an inhibitory role for D3 receptors in psychostimulant-induced hyperactivity.
Conversely, Risborough and colleagues have recently observed a modest gender-
specific reduction in MDMA-induced locomotor activation in congenic D3 knock-
outs, suggesting that D3 receptors may normally facilitate the stimulant effects of
this drug [127].

In addition to investigating the functional involvement of D3 receptors in the
locomotor and reinforcing properties of psychostimulant drugs of abuse, pharmaco-
logical studies in D3 knockouts have also been performed on the basis of previous
behavioral findings using preferential D3 receptor ligands in intact animals. In an
early study, locomotor activity in a novel environment following challenge with
a range of D3-preferring agonists (7-OH-DPAT, quinelorane, and PD 128907) or
a selective D3 antagonist (PNU 99194A) was indistinguishable between incipient
congenic D3 knockouts and wild types [147]. In contrast, a subsequent study found
that novelty-induced locomotor activity following challenge with either 7-OH-
DPAT or PD 128907, at lower doses than those used previously, was significantly
reduced in wild type but not incipient congenic D3 knockouts, supporting previ-
ous pharmacological and genetic evidence that D3 receptors inhibit locomotion
under normal conditions [158]. Of note, higher doses of these agents, below those
used in the earlier study [147], inhibited locomotion similarly between the geno-
types, indicating that both D2 and D3 receptors are activated at these higher doses.
Interestingly, there is evidence that the mechanisms through which D3 receptor acti-
vation inhibits novelty-induced locomotion do not appear to operate in a familiar
environment [158]. Other studies have investigated the ability of selective D3 lig-
ands to modulate the locomotor-stimulant effects of non-dopaminergic compounds
in D3 knockout mice. Specifically, Leriche and colleagues documented that inhibi-
tion of locomotor stimulation by the selective NMDA receptor antagonist MK-801
in wild types by a partial D3 agonist or a D3 antagonist is absent in incipient D3
congenic knockouts [159]. More recently, the novel selective D3 receptor antago-
nist, NGB 2904, has been shown to exaggerate amphetamine-stimulated locomotion
in wild types but not incipient congenic D3 knockouts. Furthermore, high doses of
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NGB 2904 stimulated spontaneous locomotion in wild types but not D3 knockouts
[159, 160]. Thus, it appears that some newer agents are indeed highly selective for
the D3 receptor and may be used in intact animals and knockout mice to further
elucidate the behavioral roles of the D3 receptor.

Emerging evidence that dopaminergic dysregulation is present in certain mood
disorders has prompted studies investigating the role of D3 receptors therein.
However, in the forced swim test, increased immobility in wild types following
administration of the antiparkinsonian and putatively antidepressant D2-like agonist
pramipexole was unaltered in either hybrid or congenic D3 knockouts [150], sug-
gesting that D3 receptors are not involved in any antidepressant effect of this drug.
A similar result has been observed with imipramine in hybrid D3 knockouts [161]. In
contrast, a recent study has demonstrated that incipient congenic D3 knockouts are
more sensitive to a range of antidepressant drugs in the forced swim test [153], lead-
ing these authors to speculate that elevated dopamine levels in mesolimbic pathways
[146, 162] may be responsible for the observed effect in D3 knockout mice.

13.4.7 Interpretation of D3 Knockout Phenotype

A summary of the behavioral changes reported to date from studies in D3 knockouts
can be seen in Table 13.1. Numerous studies have evaluated spontaneous locomotor
activity in the four available D3 knockout lines in an effort to resolve inconsis-
tent findings obtained from initial experiments in these mutants. These studies
have described either modest hyperactivity [68, 72, 144, 148, 149] or no material
locomotor phenotype [69, 147, 150, 151] in D3 knockout mice. Methodological dif-
ferences related to the novelty of or familiarity with the test environment appear to
have contributed to discrepant findings across laboratories. Specifically, the transient
hyperactive phenotype in D3 knockouts occurs very early during the course of explo-
ration and is not apparent following habituation to the environment [7, 145, 149,
158]. As hybrid or incipient congenic strains were used in all instances where a sig-
nificant locomotor phenotype has been identified in D3 knockouts, it is possible that
heterogeneity in the genetic background of these mutants may have produced the
observed phenotypic effects. However, considering that (a) an increase in locomo-
tion has been observed in D3 knockouts across various laboratories using differently
constructed D3 knockout lines, (b) in the majority of instances the hyperactivity in
D3 knockouts was found to dissipate over time such that post hoc analysis over
constituent time bins was required to detect these differences, (c) in other studies
unaltered locomotion, but not hypoactivity, has been reported in D3 knockouts, and
(d) D3 knockouts have been repeatedly found to exhibit an exaggerated locomotor
response to phasic dopaminergic stimulation, it is plausible that D3 receptors have a
subtle functional role in negatively modulating locomotion under normal conditions.
Indeed, D3 receptor-mediated inhibition of locomotor activity is supported by recent
pharmacological studies in intact rodents showing that low doses of novel selec-
tive D3 agonists and antagonists attenuate and increase locomotion, respectively
[158, 160].
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Interestingly, additional pharmacological approaches in D3 knockouts indicate
that the inhibitory action of D3 receptors on ambulatory behavior requires the coop-
erative activation of D1-like and D2-like receptors. Specifically, whereas locomotor
stimulation in response to administration of either a selective D1-like or D2-like
agonist is unaltered in D3 knockouts relative to wild types [151], combined admin-
istration of these agonists induces exaggerated locomotor activity in D3 knockouts
[145]. In agreement with this hypothesis, the indirect dopamine agonists cocaine
and amphetamine have also been shown to induce exaggerated locomotor responses
in D3 knockouts [145, 156, 157]. While one study has demonstrated a reduc-
tion in cocaine-stimulated locomotion in D3 knockouts [155], the high dose of
cocaine used by these investigators was not associated with a heightened locomotor
responses in D3 knockouts in a previous study demonstrating genotypic effects at
a lower dose of the drug [145]. High-dose cocaine was associated with the emer-
gence of stereotyped head-bobbing behavior that occurred to significant excess in
D3 knockouts. Given that increasing doses of dopamine agonists induce a behav-
ioral phenotype characterized by progressive locomotor stimulation and leading
to the emergence of competitive motor stereotypy (see Section 13.2), the findings
of Carta and colleagues [155] are also consistent with an inhibitory role for D3
receptors in psychostimulant-induced locomotion. Results obtained from studies
evaluating the behavior of D3 knockouts in a drug-conditioned place preference
paradigm indicate that D3 receptors are also functionally involved in the reward-
ing effects of psychostimulants [145, 149]. These findings complement previous
immunocytochemical studies demonstrating high levels of D3 receptor expression
in the nucleus accumbens, a brain area well established in mediating reinforcement
processes.

Although the original characterization of the hybrid D3 knockout created by Xu
and colleagues found no significant genotypic effects on the elevated plus maze
[145], subsequent findings in D3 knockouts in this paradigm [68] and also the
open field [152] and Lat maze [144] suggest a functional role for D3 receptors in
facilitating behavioral responses to anxiety-provoking stimuli. When evaluated in
tandem with the previous finding of novelty-induced hyperactivity in D3 knock-
outs, a phenotype consistent with reduced anxiety in these mutants raises some
additional points for consideration. Specifically, in the absence of any material
increase in topographies of exploratory behavior such as sifting in D3 knockouts
[72, 151], it is possible that increased locomotion relative to wild types during
initial exploration in a novel environment is secondary to lower levels of anxi-
ety in these mutants. Alternatively, it could be argued that increased locomotor
drive and not decreased anxiety is responsible for the higher number of entries
into the open arms of the elevated plus maze and the centre of an open field in D3
knockouts [68, 152]; however, increased locomotor drive cannot explain the lower
level of defecation by D3 knockouts under anxiety-provoking conditions [144].
Furthermore, indirect evidence that D3 knockouts exhibit less behavioral reactivity
to stress and invasive procedures than wild types [147, 151, 154] provides additional
support for a facilitative role of D3 receptors in mediating behavioral responses to
anxiety.
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The availability of D3 knockouts has enabled testing of a growing hypothesis that
D3 receptors have a functional role in psychotic disorders including schizophrenia
[163]. NMDA receptor antagonists such as phencyclidine and ketamine can induce
psychosis in healthy individuals and precipitate psychotic episodes in patients with
schizophrenia. In rodents, these agents produce robust behavioral changes including
marked hyperactivity that constitutes a well-established animal model of psychosis.
Interestingly, Leriche and colleagues have reported that hyperactivity induced by
NMDA is attenuated in D3 knockouts. Furthermore, the ability of the antipsychotics
haloperidol and clozapine to inhibit MK 801-induced hyperactivity in wild types
was essentially unaltered in D3 knockouts, leading these investigators to speculate
that agents demonstrating selective D3 receptor blockade may have antipsychotic
activity [159].

Additional evidence linking D3 receptors and schizophrenia has emerged from
the assessment of spatial memory in D3 knockout mice. Working memory relates
to the temporary storage of external information and is known to be impaired in
patients with schizophrenia. The prefrontal cortex is responsible for consolidating
working memory through a mechanism that requires activation of D1 receptors.
A study in D3 knockout mice has shown that deletion of D3 receptors is associ-
ated with blunted responsivity to stimulation of D1 receptors in this region [121].
Furthermore, this study demonstrated impaired working memory in D3 knockouts
using a spatial memory paradigm, suggesting that abnormal D3 receptor function
may be involved in the cognitive deficits of schizophrenia. Conversely, the finding
that individual topographies of orofacial movement are essentially unaltered in D3
knockouts [115] argues against a role for D3 receptors in the manifestation of orofa-
cial dyskinesias that often develop consequent to prolonged antipsychotic treatment
in schizophrenia.

An enduring controversy in the interpretation of results generated from studies
in D3 knockouts relates to the relative importance of pre-synaptic vs. post-synaptic
sites in mediating the observed phenotypic effects. Reports that (a) discrete behav-
ioral effects in D3 knockouts are preserved following depletion of endogenous
dopamine [145] and (b) extracellular dopamine levels and the dopamine metabolites
DOPAC and HVA are unaltered in D3 knockouts [149] have led to the postulate
that post-synaptic D3 receptors are involved. Furthermore, the fact that electro-
physiological changes in single neurons following the combined administration of
D1-like and D2-like agonists are unaltered in D3 knockouts [145] suggests that
post-synaptic D3 receptors involved are located on neuronal cells distinct from
those expressing D1-like and other D2-like receptor subtypes. Indeed, D3 recep-
tor expression on inhibitory GABAergic interneurons would result in disinhibition
of dopaminergic function and explain many of the results obtained to date from
studies in D3 knockout mice. On the other hand, microdialysis studies have found
a significant increase in the level of dopamine in the striatum [146, 162], con-
sistent with an autoreceptor role for D3 receptors in dopamine release/synthesis.
Elevated extracellular dopamine in mesolimbic pathways has been hypothesized
to be a possible mechanism for the antidepressant behavioral phenotype observed
in mice lacking functional D3 receptors [153]. In reality, as immunocytochemical
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studies have confirmed the presence of pre-synaptic and post-synaptic D3 receptors
[164], it is likely that both populations are functionally involved in modulating D3
receptor-dependent behaviors.

13.4.8 D4 Knockout: Spontaneous Behavior

Initial phenotypic characterization of D4 knockouts maintained on a hybrid genetic
background (129/OlaHsd × C57BL/6) identified multiple spontaneous behavioral
abnormalities. In a novel environment, D4 knockouts covered less horizontal dis-
tance, exhibited fewer rearing episodes and moved more slowly than wild type
mice. Following habituation to the testing environment, D4 knockouts also initi-
ated fewer movements and spent less time in motion than controls [9], indicating
that D4 receptors are involved in facilitating a variety of normal locomotor behav-
iors. Furthermore, in a test of motor coordination, D4 knockouts outperformed their
wild type counterparts, experiencing 50% fewer falls on the rotarod and remaining
on the apparatus 2.5 times longer; this led to the postulate that D4 knockouts are
more adept at complex, coordinated motor tasks, possibly due to altered dopamine
metabolism in the dorsal striatum of these animals [9].

To examine the putative functional involvement of D4 receptors in the personality
trait of novelty-seeking suggested from genetic linkage/association studies [165],
Dulawa and colleagues evaluated hybrid D4 knockouts in three approach-avoidance
paradigms [166]. In contrast to the original report by Rubinstein and colleagues [9],
no differences were observed between D4 knockouts and wild types in terms of gross
spontaneous locomotor activity in the open-field environment under either novel or
familiar conditions. D4 knockouts did show reduced behavioral responses to novelty,
as indicated by fewer entries into the center of the field; however, the total time
spent in the center of the arena did not differ significantly between the genotypes.
In the emergence test, a free exploration paradigm in which animals can explore
the open field or retreat into a cylinder, D4 knockouts displayed a longer latency to
emerge from the cylinder, made fewer entries into the cylinder, and spent more time
inside the cylinder. Furthermore, in the novel object test, another free exploration
paradigm which allows animals to explore a novel object in a non-threatening and
familiar environment, D4 knockouts were found to spend proportionately less time
in the center after introduction of the stimulus [166].

Reduced exploratory activity in hybrid D4 knockouts in the conflict-producing
environments reported above might be due to avoidance behavior associated with
heightened anxiety and not a reduced response to novelty per se. Accordingly, a
subsequent study used hybrid D4 knockouts to investigate the functional involve-
ment of D4 receptors in unconditioned anxiety-related behaviors. In the elevated
plus maze, D4 knockouts made fewer open-arm entries and spent less time in the
open arms [167]. The total number of entries into either the open or closed arms
was similar between the genotypes, indicating that the reduced number of open-arm
entries exhibited by D4 knockouts was not due to a locomotor or motivational deficit.
In the light–dark test, D4 knockouts displayed an increase in their initial latency to
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enter the light compartment and spent less time on the illuminated side compared to
wild types. In both paradigms, avoidance behavior in D4 knockouts was completely
prevented by pretreatment with anxiolytic drugs [167].

Several genetic linkage/association studies have identified discrete polymor-
phisms in the dopamine D4 receptor gene as conferring increased risk for developing
ADHD [168, 169]. In 2004, Avale and colleagues presented evidence that neonatal
6-OHDA lesioning in wild type mice represents a valid animal model of this clinical
disorder. Specifically, lesioned mice exhibit hyperactivity that wanes after puberty,
paradoxical hypolocomotor responses to amphetamine and methylphenidate, poor
behavioral inhibition in approach/avoidance conflict paradigms, and deficits in con-
tinuously performed motor coordination tasks. Interestingly, congenic D4 knockout
mice with superimposed neonatal 6-OHDA lesioning failed to develop the hyper-
active phenotype. Furthermore, wild type mice lesioned with 6-OHDA exhibited
behavioral disinhibition when tested in an open field and the elevated plus maze,
whereas D4 knockouts demonstrated normal avoidance of the unprotected areas
[170]. Collectively, the results from this study are consistent with a facilitative role
for D4 receptors in manifesting discrete behavioral features in an animal model of
ADHD.

The most recent behavioral studies involving D4 knockouts have been conducted
in our laboratory [96, 103]. At the level of spontaneous ethological behavior, con-
genic D4 knockouts were characterized by only a marginal reduction in exploratory
sniffing together with delayed habituation of sifting. While such phenotypic dif-
ferences might be interpreted as reduced novelty seeking or heightened anxiety in
D4 knockouts, other related behaviors such as rearing and locomotion were unal-
tered. Thus, the small magnitude and topographical specificity of these phenotypic
effects indicate that any functional role for D4 receptors in mediating sponta-
neous locomotor or exploratory/anxiety-related behavior is subtle [96]. In relation
to dopaminergic regulation of orofacial movement topography, congenic D4 knock-
outs were indistinguishable from wild type mice when assessed quantitatively for
vertical and horizontal jaw movements, tongue protrusions, and incisor chattering
[103], arguing against any material role for D4 receptors in these processes.

13.4.9 D4 Knockout: Drug-Induced Behavior

Original pharmacological characterization of hybrid (129/OlaHsd × C57BL/6) D4
knockouts evaluated the locomotor-stimulant effects of clozapine, ethanol, cocaine,
and methamphetamine in these animals [9]. Low-dose clozapine was found to atten-
uate apomorphine-induced locomotion in wild type but not in hybrid D4 knockouts,
whereas high-dose clozapine blocked apomorphine-induced behavior in both geno-
types, perhaps via antagonism at other D2-like receptor sites. In contrast to the
depressant effect of D4 receptor deletion on spontaneous locomotor topographies
reported by these investigators (see Section 13.4.8), hybrid D4 knockouts were
found to be hyperreactive to the locomotor-stimulant effects of ethanol, cocaine,
and methamphetamine [9].
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To further characterize the involvement of D4 receptors in mediating the effects
of psychostimulant drugs of abuse, subsequent studies evaluated additional behav-
ioral parameters in D4 knockout mice in response to cocaine [171] and amphetamine
[172]. In agreement with the earlier report of Rubinstein and colleagues, locomo-
tor responses to cocaine were greater in hybrid D4 knockouts compared to wild
type controls [171]. As an extension of this work, Katz and co-workers examined
the involvement of D4 receptors in mediating the discriminative stimulus effects of
cocaine. While lower doses of cocaine were able to initiate cocaine responding in
D4 knockouts relative to wild types, the observation that the D2/D3 antagonist raclo-
pride antagonized cocaine responding to a similar extent in both genotypes suggests
that D4 receptors are minimally and indirectly involved in mediating the discrimi-
native effects of cocaine, possibly via inhibitory functional interactions with other
D2-like receptors [171]. In response to amphetamine, locomotor activity was unal-
tered in congenic D4 knockouts relative to wild types over a 1-h period following
acute administration of amphetamine; however, post hoc analysis of activity over
constituent time bins during the assessment revealed a time × genotype interaction
at higher doses of the drug, characterized by a transient increase in locomotor activ-
ity in D4 knockout mice. Furthermore, following a chronic administration schedule,
congenic D4 knockouts displayed an enhanced dose-dependent sensitized response
to amphetamine compared to wild types, consistent with a functional role for D4
receptors in psychostimulant-mediated neural plasticity [172].

The above pharmacological studies in D4 knockout mice employed non-selective
or indirect dopamine agonists, having indiscriminate activity across the five cloned
dopamine receptor subtypes, to probe the functional roles of the D4 receptor.
Recently, we sought to elaborate these findings by evaluating the behavioral phe-
notype of congenic D4 knockouts in response to selective D2-like and D1-like
agonists using an ethologically based behavioral assessment technique [96]. The
characteristic shift from normal fluid ambulation to stereotyped ponderous loco-
motion in response to the selective D2-like agonist RU 24213 was reduced in D4
knockouts, consistent with a role for D4 receptors in facilitating the expression of
stereotyped locomotor topographies. Interestingly, induction of intense grooming
syntax by the selective D1-like antagonist SKF 83959 was reduced in D4 knockout
mice. Furthermore, the ability of the structurally related but pharmacologically dis-
tinct selective D1-like agonist SKF 83822 to lower seizure threshold [39, 91, 94]
was attenuated in D4 knockouts in accordance with a minor facilitative role for D4
receptors in mediating dopamine-dependent seizures [96].

13.4.10 Interpretation of D4 Knockout Phenotype

A summary of the behavioral changes reported to date from studies in D4 knockouts
can be seen in Table 13.1. It is clear from the preceding sections that consid-
erable inconsistency exists between findings relating to spontaneous locomotion
in hybrid (129/OlaHsd × C57BL/6) D4 knockouts. One study observed signifi-
cant reductions in gross spontaneous locomotor and rearing activity in both novel
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and familiar environments in D4 knockouts [9], whereas a subsequent investiga-
tion reported no significant locomotor differences between D4 knockouts and wild
types under similar experimental conditions [166]. Furthermore, in a study evaluat-
ing the locomotor-stimulant effects of cocaine in hybrid D4 knockouts, locomotor
activity in saline-treated groups did not differ significantly between the geno-
types [171]. Collectively, these results indicate that factors unrelated to loss of the
D4 receptor may have produced these phenotypic effects. In relation to genetic
background, when C57BL/6 and 129/OlaHsd inbred mouse strains are compared
directly, 129/OlaHsd mice are hypoactive in the open-field arena [173]. This might
explain the lack of any material spontaneous locomotor phenotype in congenic D4
knockouts for which the contribution of 129/OlaHsd alleles is expected to be below
0.1% [96].

Assessment of hybrid D4 knockouts in targeted behavioral paradigms has iden-
tified facilitatory and inhibitory roles for D4 receptors in the related traits of
novelty-seeking [166] and anxiety [167], respectively, suggesting that D4 recep-
tors may be involved in the expression of certain emotionally driven behaviors. In
addition, an elegant experiment utilizing a combined gene knockout and pharma-
cological lesioning approach has provided evidence that D4 receptors are necessary
to recapitulate many of the core behavioral features in an animal model of ADHD
[170], a relationship supported by clinical genetic studies in humans. However, it
is pertinent to mention that any putative relationship between genetically deter-
mined D4 receptor-mediated phenotypes in humans and mice must be interpreted
with caution given that the 48 bp repeat polymorphism in exon III of the human D4
receptor gene associated with ADHD (and novelty-seeking behavior) is absent from
the murine homologue [174].

Absence of D4 receptors has consistently been shown to augment the locomotor-
stimulant effects of various drugs of abuse including the indirect dopamine agonists
cocaine and amphetamine [9, 171, 172]. In contrast, the characteristic stereotyped
locomotor response to the selective D2-like agonist, RU 24213, is reduced in D4
knockouts. Taken together, these findings are important at two levels. Firstly, D4
receptors appear to be integral to the development of motor stereotypy, a hypoth-
esis further supported by anatomical reports localizing D4 receptors to discrete
areas of the basal ganglia purported to be involved in the expression of behav-
ioral stereotypies. Secondly, these findings provide indirect evidence that functional
D4:D1-like receptor interactions are operating to produce locomotor supersensitiv-
ity in D4 knockouts. Direct evidence for functional D4:D1-like receptor interactions
in vivo has emerged from behavioral studies examining selective D1-like agonists
in congenic D4 knockout mice [96].

Until recently, no evidence has been reported to suggest the functional involve-
ment of individual D2-like receptor subtypes in mediating grooming behavior.
Specifically, induction of syntactic, intense grooming in response to the selective
D1-like agonist SKF 83959 is conserved in congenic D3 receptor knockouts [151];
SKF 83959 has yet to be tested in D2 knockout mice. The finding that such SKF
83959-induced grooming is reduced in congenic D4 knockouts indicates, for the first
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time, that subtle D4:D1-like receptor interactions participate in mediating grooming
behavior. Furthermore, the observation that induction of seizures by the selective
D1-like agonist SKF 83822 is reduced in D4 knockouts suggests that cooperative
functional D4:D1-like receptor interactions also participate in the regulation of neu-
ronal excitability. Behavioral indices of such functional D4:D1-like interactions are
reinforced by the recent observation that D1 receptor expression is up-regulated in
D4 knockouts [175]. However, how these interactions are organized within the brain
at a molecular, cellular, or network level and the relative involvement of D1 and D5
receptors remains to be established.

13.5 Double Knockouts Involving Dopamine Receptors

13.5.1 D1/D2 Double Knockout

The relative abundance of D1 and D2 receptors vis-à-vis other dopamine recep-
tor subtypes in the brain prompted the generation of D1/D2 double knockouts
to investigate their involvement in functional D1-like:D2-like interactions [176].
Although the progeny from heterozygous D1/D2 double knockout matings follows
the expected Mendelian ratio, homozygous D1/D2 double knockouts die in the early
postnatal period in the absence of any identifiable macroscopic or microscopic brain
abnormalities; this is most likely due to altered feeding behavior and a dysfunc-
tional gastrointestinal system. In contrast, heterozygous D1/homozygous D2 double
knockouts evidence reduced body weight but survive to adulthood, while homozy-
gous D1/heterozygous D2 double knockouts develop ulcers in the small intestine
and only survive if fed a semi-liquid diet. Collectively, these findings indicate that
cooperative D1:D2 receptor interactions are involved in feeding behavior and gas-
trointestinal function, with functional primacy of D1 receptors in these effects.
Interestingly, spontaneous locomotor behavior and coordination in homozygous D1
or homozygous D2 single knockouts are unaltered by concomitant deletion of one
functional D2 or D1 receptor allele, respectively [176]. However, given that mean-
ingful locomotor assessment cannot be performed in homozygous D1/D2 double
knockouts for the reasons outlined above, it would be premature to exclude a role for
D1:D2 receptor interactions in these behaviors based on this finding. Future devel-
opment of tissue specific and/or conditional homozygous D1/D2 double knockouts
or studies with selective D1-like or D2-like drugs in this model may help to clarify
the issue.

13.5.2 D1/D3 Double Knockout

In situ hybridization studies have shown the D1 and D3 receptor mRNAs are co-
localized in single neurons, suggesting that these receptors functionally interact at
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a cellular level [177]. In 2000, individual D1 and D3 knockouts and D1/D3 dou-
ble knockouts maintained on a hybrid genetic background were compared in a
number of behavioral paradigms [68]. No evidence was found for receptor inter-
action in tests of spatial memory or motor coordination. Conversely, a lower level
of locomotion and rearing in D1 knockouts relative to wild types during exploration
in an open field was exacerbated in D1/D3 double knockouts, leading these authors
to conclude that D1 and D3 receptors interact to modulate discrete topographies
of exploratory behavior. However, it should be mentioned that abundant evidence
indicates that D1 knockouts are characterized by spontaneous hyperactivity (see
Section 13.3.3), and not hypoactivity as reported in this study. Indeed, a subse-
quent study by these investigators using incipient congenic lines reported excessive
locomotion in both D1 and D1/D3 knockouts under novel and familiar conditions
[69]. Furthermore, we have shown that increased locomotion, sniffing, and rearing
in D1 knockouts during exploration in a novel environment are unaltered in hybrid
D1/D3 double knockouts [72]. Interestingly, although isolated features of D3 knock-
out phenotype are apparent in mice lacking both D1 and D3 receptors, the overall
spontaneous behavioral phenotype in D1/D3 double knockouts mirrors considerably
that of D1 knockout mice [68, 72]; this suggests that D1 receptors facilitate discrete
behaviors in D3 knockout mice. In support of this hypothesis, increased anxiety in
D3 knockouts is abolished in the absence of D1 receptors [68]. More recent findings
in D1/D3 double knockouts indicate that while D1 receptors are important in the
locomotor-stimulant effects of cocaine (see Section 13.3.3), functional interaction
with D3 receptors may be involved in the reinforcing properties of this drug [69].

13.5.3 D2/D3 Double Knockout

Within the D2-like family, the high degree of structural homology between D2 and
D3 receptors led to the early hypothesis that these receptors may have complemen-
tary functions in regions of shared expression [108]. Indeed, both D2 and D3 (but
not D4) receptors are known to function as pre-synaptic autoreceptors to regulate
dopamine synthesis/release. An initial comparative study between hybrid D2 and D3
single knockouts and derived D2/D3 double knockouts found that impaired ambula-
tion in mice lacking D2 receptors is more pronounced in the absence of D3 receptors.
Furthermore, D3 receptor expression was increased in D2 knockouts in this study,
leading these authors to postulate that cooperative D2:D3 receptor interactions nor-
mally facilitate locomotion in mice and D3 receptors may partially compensate
for D2 receptor functions in D2 knockout mice [108]. However, these findings are
incongruent with other evidence from single mutants that D3 receptors normally
inhibit motor behavior (see Section 13.4.7) and previous data demonstrating unal-
tered D3 (or D4) RNA expression in an independently created D2 knockout line
[8]. A subsequent study has shown that in a Lat maze, locomotion and rearing fre-
quency and duration in D2 knockouts are essentially unaltered in D2/D3 double
knockouts [144]. In addition, a recent study has found that D2 receptor-mediated



13 Dopamine Receptors and Behavior 361

motor stereotypies are not influenced by D3 receptors [178]. Thus, inconsistent
findings from the small number of studies conducted to date involving D2/D3 dou-
ble knockouts do not support the existence of prominent functional D2:D3 receptor
interactions in the behaviors examined; this does not exclude (a) the possibility that
methodological factors including genetic background effects may have obscured
subtle interactions and (b) a role for D2/D3 receptor interactions in modulating other
dopamine-dependent behaviors.

13.6 Challenges

There are few domains of behavior for which regulation by one or more dopamine
receptors has been excluded and those domains where such regulation is known to
be either fundamental or an important modulatory factor are multiple and diverse.
However, it is now many years since the continuing identification of new, molecular
biologically defined dopamine receptor subtypes exceeded the capacity of medicinal
chemists to identify selective agonists and antagonists for each of those subtypes.
This psychopharmacological vacuum reflects at least two factors: difficulties in
identifying chemical structures that can distinguish between receptor proteins whose
amino acid sequences evidence only subtle differences and some concern in the
pharmaceutical industry as to whether such selectivity is of therapeutic potential in
“volume” disorders.

The adage that “nature abhors a vacuum” appears just as true in neuroscience as
elsewhere; hence this psychopharmacological vacuum has been filled by an alter-
native approach to parcellation of function between dopamine receptor subtypes,
namely mutant mice with targeted gene manipulation. This approach is a “two-
edged sword”: the potential of these techniques is not yet fully realized, particularly
in terms of conditional mutants that afford the investigator temporal and/or regional
control over expression of the receptor mutation, and the ability to target specific
cell types; yet these techniques engender their own concerns, particularly in terms of
genetic background effects, compensation processes, and sex-specific phenotypes;
also, concerns endure over non-replicability between laboratories that may reflect
differing molecular genetic strategies for targeting the same receptor and/or differ-
ing test paradigms for targeting the same domain of behavior [4]. Nevertheless, the
yield to date from mutant studies has been substantial and is likely to increase. This
yield would likely be facilitated by combining studies in mutants with an enhanced
psychopharmacological “toolbox,” to the extent that further selective agents are
forthcoming, and systematic studies that allow more valid comparisons between
laboratories. We have learned much over the past 50 years, but there is still more to
understand.
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Chapter 14
Dopamine Modulation of the Prefrontal Cortex
and Cognitive Function

Jeremy K. Seamans and Trevor W. Robbins

Abstract This chapter will review the basic neurobiology of the dopamine (DA)
system in the prefrontal cortex (PFC) and its functional role in cognition. It will
consider the properties of DA release and of DA receptors in the PFC and how they
may contribute to the overall function of the mesocortical DA system. DA release in
the PFC occurs in response to a variety of events that can be appetitive or aversive in
nature and this release may prepare the PFC networks to deal with environmental or
cognitive challenges. The amount of DA released may selectively affect the differ-
ent subtypes of receptors on PFC neurons, which in turn have different modulatory
actions on PFC networks. It has been proposed that the PFC DA system and espe-
cially D1 receptors are tuned according to an inverted-U dose–response function
such that too much or too little DA or D1 receptor activation is detrimental to cog-
nitive performance. At optimal levels, DA acting via D1 receptors may increase the
signal-to-noise ratio to improve the efficiency of active PFC networks, while levels
higher or lower levels may reduce the overall signal to noise but allow PFC net-
works to deal with information in a more flexible manner. The key to understanding
the PFC DA system may lie in understanding how a balance is achieved to promote
optimal modulation across a variety of situations.

Keywords Prefrontal cortex · Working memory · Response flexibility · Inverted-U ·
Computational models

14.1 Introduction

This chapter focuses on the properties of the dopamine (DA) system in the prefrontal
cortex (PFC) and how these properties may contribute to higher cognitive function.
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Here we will discuss the basic anatomy, chemistry, physiology, and behavioral phar-
macology of the PFC DA system. The chapter ends with an attempt to present an
integrative overview of the possible function of the mesofrontal DA system.

14.2 Basic Anatomy of DA Release

The dopaminergic innervation of the forebrain is constituted by ∼30,000–40,000
highly collateralized neurons residing in the ventral mesencephalon [1–3]. These
mesencephalic cell groups are designated as A8, A9, and A10, according to the
nomenclature of Dahlström and Fuxe [4], and generally correspond to the DA
cells of the substantia nigra (SN, A9), ventral tegmental area (VTA, A10), and the
retrorubral area (A8) [3, 5, 6].

DA neurons show two predominant patterns of firing activity termed tonic and
phasic [7, 8]. Tonic activity consists of a pace-maker like firing pattern of ∼1–
6 Hz that DA neurons usually exhibit in the absence of salient stimuli [9–11]. Tonic
firing patterns maintain basal extracellular levels of DA in afferent regions and can
be affected by visceral stimuli that can moderately increase or decrease efferent DA
levels to provide a “tone” on DA receptors [7].

Basal DA levels in PFC recorded using in vivo microdialysis are typically on the
order of 0.1–0.4 nM [12, 13]. However, when interpreting these values it is impor-
tant to note that (a) the values are often not corrected for in vitro recovery which is
on the order of 10–13% [12], (b) the microdialysis probe itself may cause an ∼10-
fold drop in its vicinity as revealed by simultaneous voltammetric recordings [14],
and (c) these measurements reflect extrasynaptic DA levels. Taking into account
∼10% recovery and the 10-fold drop caused by the probe, the measured extrasynap-
tic concentrations of ∼0.1–0.4 nM roughly correspond to extrasynaptic DA levels
of 10–40 nM in the PFC. PFC DA levels were close to this range as measured using
the more accurate no-net-flux procedure [15]. If 10–40 nM DA exists in the extrasy-
naptic space then based on the results of diffusion modeling, one would expect
perisynaptic DA concentrations 10-fold higher on the order of 100–400 nM [16, 17]
with intrasynaptic levels being an order of magnitude higher than that. Activation
of the mesocortical DA system would then increase DA levels above this baseline
level.

Salient environmental stimuli, particularly rewarding, aversive, and novel stim-
uli, all have been shown to modulate the phasic firing pattern of DA neurons [11,
18, 19]. Physiologically patterned burst stimulation of DA fibers causes DA levels
in PFC to increase by ∼40–200 nM while aversive stimuli increased PFC DA levels
by 100–200 nM, as measured in the prelimbic region of the PFC using carbon-fiber
electrodes [20–24]. Therefore, based on the known biochemical properties of the
mesofrontal system, basal perisynaptic levels of DA in the PFC are on the order of
hundreds of nanomolars with extrasynaptic concentrations in the range of tens of
nanomolars while phasic physiological activation increases DA by 40–200 nM over
these basal levels.
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14.3 Behavioral Activation of the Mesocortical DA System

14.3.1 Aversive Events

The most studied aspect of PFC DA release is how it changes when the animal
is presented with stimuli of negative emotional valence. Early studies showed that
metabolic activation of the DA system in the PFC increased in association with
electric footshock, conditioned fear, or swim stress [25–27]. Later studies using
microdialysis reported that DA levels in the PFC were increased by a wide array
of negative events such as tail pinch [28, 29], footshock or conditioned footshock
[30, 32, 33], handling stress [13, 32, 34], pharmacological stressors [29, 35, 36],
social defeat stress [37], and electrical stimulation of the midbrain tectum [38]. The
changes in the DA signal associated with these stimuli were typically on the order of
100–200% above baseline. Again assuming a basal extrasynaptic level of ∼10–40
nM DA, this would mean that the increase detected in these microdialysis studies
was on the order of 20–120 nM. The tail pinch induced increases in extrasynaptic
PFC DA levels measured in the prelimbic cortex with voltammetry were of similar
magnitude and on the order of 100–200 nM [21, 23, 24].

One of the most striking aspects of the response of the PFC DA system to stress
is its remarkably protracted nature. PFC DA levels can remain elevated for tens
of minutes following even light handling as measured with microdialysis [13, 34].
Remarkably, aversive electrical stimulation of the inferior colliculus for 15 s when
delivered at stimulation intensities that evoked escape responses in awake animals,
increased PFC DA for >3 h [38]. Even with voltammetry, which is able to mea-
sure evoked changes in DA levels on millisecond time scales, similar long-lasting
changes have been reported. For instance, tail-pinch stress in the form of a wooden
clothespin placed at the base of the tail for 15 min caused an increase in DA mea-
sured with nafion-coated carbon-fiber electrodes in the PFC that lasted from 25 min
to over an hour after removal of the clothespin [21, 23, 24]. Even if the tail pinch was
given for only 2 min, it caused an increase in PFC DA that again lasted tens of min-
utes [39]. Therefore, the protracted nature of the PFC DA response to stress appears
to be a genuine property of the system and does not mask some more transient
phenomenon.

The protracted nature of release may provide insights into the function of the
mesofrontal DA signal. One possible explanation for these prolonged increases
in PFC DA is that they may reflect or even produce emotional arousal [34, 40].
In accordance with this idea, anxiolytic agents that reduce emotional arousal also
reverse stress-induced increases in DA levels and DA turnover [27, 35, 36, 41].
Accordingly, the PFC DA response also varies across rat strains that have intrin-
sically different levels of arousal. For instance, Roman low-avoidance rats are
characterized as more fearful than Roman high-avoidance rats that show less freez-
ing behaviors, better coping, and lower HPA activity [42]. Giorgi et al. [29] showed
that tail-pinch or pharmacological stressors increased PFC DA levels of Roman
high-avoidance but not low-avoidance rats, suggesting that the rise in PFC DA levels
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may be related to a more effective coping strategy rather than the stress response per
se. Furthermore, long-term administration of antidepressants had no marked effect
on the stress-induced physiological responses (increases in neuroactive steroids or
corticosterone), yet prevented the stress-induced raise in PFC DA [43], again imply-
ing that the DA response may not be related to emotional arousal per se but rather
the marshalling of resources to deal with a stressor [29]. Thus, one reason why the
elevations in PFC DA are so long lasting may be because the processing of the
significance of environmental stressors often far outlasts their presence.

14.3.2 Appetitive Events

Food rewards also increase PFC DA release but the increases are typically less than
those observed for aversive stimuli [28, 34, 41, 44, 45]. Although appetitive stim-
uli, like aversive stimuli, can increase PFC DA for tens of minutes, more transient
changes have also been reported. Richardson and Gratton [47] observed changes in
the voltammetric signal just in a short 45 s consumption period following a lever
press for milk reward. When the delivery of the milk was delayed by 20–30 s, the
PFC DA signal increased by a few nanomolars until the point where the milk was
delivered. The DA levels also increased if the reward was unexpectedly withheld or
decreased or if the response requirement was increased by changing the fixed ratio
schedule. This way, the transient DA signal appeared to be related to the animal’s
uncertainty about how much reward it would receive. This implies that the PFC DA
system may be engaged as reward contingencies change in anticipation of cognitive
effort. Hence the PFC DA system may become relevant in situations requiring cog-
nitive effort perhaps in a parallel manner to the way the mesolimbic DA system is
activated in situations requiring motivation and physical effort [48].

14.3.3 Cognitive Processing

The PFC DA system is also activated during various forms of learning. Robust and
sustained DA release is associated with classical appetitive or aversive conditioning
to a context [30, 32] or to an auditory cue [31, 33]. In primates, DA levels were
elevated on the delayed-response working memory task, but not a nondelayed task
[49]. Likewise, in rats, PFC DA levels increased during and in anticipation of the
performance of a delayed alternation working memory task [50]. On the delayed
win-shift working memory task on a radial maze, Phillips et al. [51] showed that
DA levels increased by >100% during training and test phases of the task where
the trial-unique information for a given trial was acquired and used but decreased to
baseline levels during the delay period. DA levels often began to rise toward the end
of the delay, again suggesting that the DA signal reflected anticipation of the forth-
coming cognitive challenge. When the delay period was unexpectedly increased,
DA levels did not increase and task performance worsened. These data suggest that
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the PFC DA system may be recruited to solve the task at hand and an inability to
appropriately raise DA levels could lead to poor task performance.

DA levels were also increased in another form of executive function involving
the PFC, namely response flexibility. van der Meulen et al. [52] observed a large
and extended increase in DA efflux in rats performing initial reversals on a spatial
2-lever discrimination task. Stefani and Moghaddam [53] measured PFC DA levels
using microdialysis during a rodent set-shifting task on a plus maze. In addition
to rats performing the actual task there was a separate yoked group of rats that
received intermittent nonpredictable rewards and a “reward retrieval” group that
was rewarded on every trial. Increases in PFC DA were observed for the first two
groups but not the passively rewarded group. The increases in DA levels were on
the order of 100–200% and again these increases greatly outlasted the period of
the actual task. A correlation was also observed between magnitude of PFC DA
and the rapidity of the shift to the new response rule. Notably however, the yoked
rats exhibited the highest DA levels, suggesting that the DA system may have been
recruited in a vain attempt to figure out the arbitrary response–reward mappings.
Likewise, the cognitive load imposed by the set-shift task may also have raised the
DA levels in that group, while the only group without a cognitive load, the passively
rewarded group, showed no change in PFC DA levels. Hence although there is an
extensive neural network responsible for how attentional resources are allocated
during behavior, the PFC and in particular the PFC DA system may provide the
attentional or cognitive resources needed to understand the meaning of stimuli and
strategies to deal with them.

The PFC DA system also becomes activated on tasks specifically designed to
assess attention, such as the five choice serial reaction time task (5CSRTT) which
is a good rodent analogue of the continuous performance attentional task in humans
[54]. In this task, rats must monitor five light ports simultaneously so that if a light
comes on, a nose poke must be made to obtain reward. PFC DA and DOPAC levels
are increased in the medial PFC over baseline levels during the performance of this
task, as measured by in vivo microdialysis [55]. The tendency shown by some rats
to respond prematurely on the attentional task – a form of impulsivity – was not
correlated with individual levels of DA or the DA metabolite DOPAC, in contrast to
what was found for 5-HT. However, post mortem analysis revealed that those rats
that were the most impulsive had a higher DA turnover in the PFC. Accordingly, on
a temporal discounting of reward task that specifically assesses impulsivity, DOPAC
(and not 5-HT or 5-HIAA) levels increased by 200–250% during the delay period
following choice [56]. These data suggest that DA turnover can also significantly
increase in association specifically with attention or in response to impulsive forms
of choice.

14.3.4 Release Conclusions

DA release in the PFC is modulated in association with a variety of events and
behaviors. Aversive stimuli are particularly potent in this regard and can elevate DA
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levels by ∼200%, which based on the calculations above, would produce extrasy-
naptic DA levels of >100 nM with presumed perisynaptic levels well over 1 μM.
DA release is also often extremely long lasting even when measured with techniques
that have millisecond precision such as voltammetry. Finally a common conclu-
sion across studies was that the DA signal might become activated with cognitive
demands, when the animal needs to attend to a stimulus, figure out its meaning as
well as the rules for attaining rewards and avoiding potentially harmful stimuli.

14.4 DA Receptors in PFC

Once released from presynaptic axonal terminals, DA interacts with at least five
receptor subtypes: D1, D2, D3, D4, D5 receptors. Based on G protein coupling and
the length of the 3rd cytoplasmic loop and the carboxy tail of the receptors, the
current classification of all the cloned DA receptors subdivides them into the Gs-,
Gq,- or Golf-coupled D1 family and Gi/o D2 family [57–60]. For simplicity, we will
refer to D1/D5 receptors as D1 receptors and D2/D3/D4 receptors as D2 receptors
throughout unless otherwise noted.

D2 receptors exist in high (D2high) or low (D2low) affinity states [61] and these
two affinity states have been observed in a variety of brain regions and species
including rat and human PFC [62, 63]. The affinities for DA are on the order of
5–50 nM vs. 1–5 μM for D2high versus D2low states, respectively [63–65]. The
exact percentages of receptors in each state depends on a variety of factors, but for
rat striatal slices, Richfield et al. [63] reported 77% vs. 23% of D2 receptors in
their high and low states, respectively, while for tissue homogenates others found
numbers of 20–45% vs. 50–80% for D2high and D2low respectively [62, 64–66].
Likewise, D1 receptors appear to have high and low affinity sites on the order of
1–4 nM and 1–2 μM, respectively, although the affinity of D5 receptors is 10-fold
higher [63, 67, 68]. Therefore, the affinities of these receptors based on available
methods, is such that either receptor could be activated by the levels of DA released
during the behaviors described above. The relative activation of each receptor may
be determined mainly by the prevailing affinity state and their locations relative to
sites of release.

In rodent and monkey PFC, the abundance of both D1 receptor mRNA and D1
receptor binding sites is significantly greater than the other DA receptor subtypes
[69–72]. Anatomically, in the primate PFC, DA-immunoreactive terminals converge
on pyramidal cells and parvalbumin-containing, DA-receptive fast-spiking interneu-
rons [73–75]. In rodent PFC, both D1- and D2-like receptors are also found on
pyramidal and nonpyramidal neurons [76–79]. D1 receptors are located primarily
on the dendritic spines and shafts of pyramidal neurons and on the dendrites and
axon terminals of putative GABAergic interneurons [80, 81]. D1 receptors are usu-
ally displaced to the side of the postsynaptic density of large asymmetric synapses
that showed profiles not indicative of DA synapses. Likewise, Bergson et al. [80]
reported that D1 and D5 receptors are usually found on asymmetric synapses and not
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at DA synapses. D1 receptor labeling was found more often in spines than D5 recep-
tor labeling which was found in shafts or at some distance from a specialization.
There is also a high density of D5 receptors in the perisomatic plasma membrane
that may form a perisomatic “microdomain” [82]. Likewise, most D2 immuno-
gold labeling in dendrites and spines is associated with asymmetric synapses, but
is also found outside the postsynaptic density at extrasynaptic and perisynaptic sites
[83]. However, the D2 receptor is likely closer to the release sites than the D1
receptor [84].

Based on these biochemical and anatomical considerations, it appears that a DA
terminal in the PFC does not often oppose DA receptors and that DA likely acts
on its receptors mainly through volume transmission. The affinities and locations of
the DA receptors in PFC probably dictate which receptor is activated under which
conditions. We have argued [85–87] that D2 receptors, perhaps in their low affinity
state, may be closer to release sites and would be activated by the μM levels of DA
thought to be present in the perisynaptic region. In contrast, D1 receptors, which
are located exclusively outside of the perisynaptic region (and perhaps other DA
receptors in their high affinity state) would be activated by the hundreds of nM
levels of DA present in the extrasynaptic space.

In support of this view, DA applied at concentrations of 10–500 nM increased
synaptic responses in PFC neurons via D1 receptors while DA at concentrations
>1 μM decreased the same synaptic currents via D2 receptors [88]. As a result, the
amount of DA released and the time following a release event may differentially
activate D1 versus D2 receptors potentially having different functional outcomes.
Indeed, D1 receptors appear to contribute to different cognitive processes than D2
receptors in the PFC.

14.5 Contribution of PFC DA Receptors to Stress

As reviewed above the PFC DA system responds potently to stress. Stress (foot-
shock or tailshock) has been shown to increase the density of D2 dopamine receptors
in the PFC and to change their relative affinity state [89]. Changes in D4 receptors as
a result of stress in turn have been shown to impair cognitive function [90]. The pre-
and postsynaptic changes in the PFC DA system are relevant to the stress response
itself. On an elevated plus maze, PFC DA depletion using 6 hydroxydopamine
(6OHDA) caused a lower preference to stay on open arms, lower open arm entries
and hypomobility [91]. D4 knockout mice also exhibited reduced exploration
of the open arms of the plus maze and longer latencies to explore the illumi-
nated compartment of the light/dark shuttle box, again indicating an increase in
anxiety [92].

One interpretation of these data may be that PFC DA is producing or modu-
lating the physiological response to stress, thereby producing anxiety. However, a
variety of DA drugs acting on D1 and D2 classes of DA receptors (SKF82958,
SKF83566, raclopride, or quinpirole) did not affect the tail pinch evoked increase
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in heart rate [93]. Rather, as argued above, the PFC DA system appears to help
to evaluate the meaning of a stressor and how to deal with it. As noted above,
this process would presumably occur in the period following the experience, which
may explain why manipulations of the PFC DA system have a strong effect on the
consolidation of fear memories. For example, 6OHDA lesions of the PFC do not
affect the acquisition of conditioned fear but rather delay its extinction [94, 95].
Likewise, a D4 receptor antagonist microinjected into PFC before a fear extinction
paradigm reduced the memory of the extinction when tested a day later [96]. Finally,
a D1 receptor antagonist when delivered immediately after training on an inhibitory
avoidance-learning task impaired recall 24 h later [97]. These data therefore are con-
sistent with the idea that the PFC DA receptors do not generate an anxiety response
per se, but rather are involved in the processes allowing an organism to learn about
and adapt to stress-related changes in the environment.

14.6 Contribution of PFC DA Receptors to Cognition

14.6.1 DA Modulation of Working Memory

Perhaps the most notable and investigated effects of PFC DA receptor manipulation
are with regards to their role in working memory. Both D1 agonists or antagonists
and DA depletions in the PFC are highly detrimental to working memory perfor-
mance [98–104]. These studies suggested that the DA receptor activity is finely
tuned in the PFC and perhaps may exhibit an inverted-U-shaped dose–response
function [105, 106]. This idea arose from both pharmacological studies in the 1990s
where it was reported that systemic administration of higher doses of D1 agonists
impaired performance of the delayed-response working memory task, while very
low doses could improve performance [107, 108]. The theory of an inverted-U-
shaped dose–response function for D1 receptor (or more broadly DA) regulation of
working memory has since been supported in a variety of studies.

The DA releaser amphetamine at a low dose (<1 mg/kg) produced a delay-
dependent improvement in a discrete paired trial variable delay task or a delayed
alternation task on a T-maze, while higher doses (>2 mg/kg) impaired performance
[109, 110]. Rather than using amphetamine to artificially increase PFC DA lev-
els, Romanides et al. [111] injected a μ-opioid agonist into the VTA to selectively
activate the mesofrontal pathway and showed that this manipulation also produced
impairments in a delayed alternation task in a T-maze that were blocked by a D1
antagonist injected into the PFC. Conversely, Mizoguchi et al. [112] chronically
stressed (4 weeks) and then recovered (10 days) rats as a means to depress PFC DA
transmission and found that this impaired the spatial working memory evaluated by
a T-maze task. They also reported a concomitant increase in DA D1 receptor density
in the PFC, which may have contributed to the working memory deficits.

Analogous data have been found on a delayed win-shift working memory task.
Floresco and Phillips [113] showed that infusions of a D1 receptor agonist into the
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PFC improved performance after a long delay but disrupted performance after a
shorter delay. This result is notable because these authors also showed that DA lev-
els measured using microdialysis on the same task were increased at short delays
and decreased at long delays [51]. The interpretation of these data fit well into the
inverted-U framework. Specifically, rats with either an intrinsically or an imposed
decrease in performance may have a suboptimal activation of D1 receptors and
therefore benefit more from D1 receptor activation. Rats performing optimally at
baseline may have optimal D1 receptor activation and suffer from further exogenous
D1 receptor activation.

Another situation where differential effects of DA receptor activation occur is
with respect to individual levels of performance. Granon et al. [114] divided rats
into two groups, with low and high baseline levels of accuracy on the five choice
serial reaction time task and found that a partial D1 agonist (SKF38393) enhanced
performance only in the lower baseline group. By contrast, only higher perform-
ing rats were susceptible to the detrimental effects of an intra-PFC D1 receptor
antagonist (but not sulpiride, a D2 receptor antagonist). A plausible interpretation
of these data is that the mesofrontal DA system is primarily engaged to optimize
signal detection in this task. A follow-up study by Chudasama and Robbins [115]
used a combined attention and working memory (CAM) task in which rats had to
commit to working memory over a short delay the location of visual events they had
successfully detected. A full DA D1 receptor agonist, SKF81297, produced dose-
dependent effects on the attentional component, thereby replicating and expanding
the findings of Granon et al. [114]. However, effects on the working memory com-
ponent of the task were much less clear; some improvements were evident when
the stimulus duration was reduced at certain doses and delays. At the highest dose,
good memory at short delays was impaired whilst poor memory at longer delays was
improved. Thus, D1 receptor stimulation sufficient to improve attentional accuracy
could facilitate or disrupt working memory performance in a dose- and delay-
dependent manner but the effect appears to depend on the individual’s baseline level
of performance and perhaps basal levels of DA.

Support for the inverted-U dose–function relationship has also been obtained
from studies in humans with genetically determined differences in intrinsic DA lev-
els. A functional polymorphism for COMT involves a methionine (Met) to valine
(Val) substitution at codon 158 [116, 117]. The Met allele has 1/4 the enzyme activity
as the Val allele [116] and therefore Met individuals should have higher DA levels
specifically in PFC. The inverted-U theory would predict that Val individuals who
have intrinsically lower DA levels would be off the optimal point of the inverted-U
curve and therefore do poorly on tests of working memory and executive function,
but would benefit from manipulations that increase PFC DA levels. In contrast Met
carriers should possess near optimal levels of DA receptor stimulation at baseline,
and further elevations in DA levels would be detrimental [118]. Accordingly, human
COMT Val/Val genotype individuals often exhibit poorer performance on tests of
working memory and executive function that involve the PFC compared to Met/Met
individuals [119]. These patterns can be changed by manipulating DA levels phar-
macologically: Val/Val subjects showed either improved performance on tests of
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executive function when given a COMT inhibitor (Tolcapone) or amphetamine,
whereas the Met/Met individuals got less efficient, consistent with moving them
off the optimal point of the inverted-U curve (3-back task in [120, 121]). Therefore,
although the inverted-U theory, as initially proposed, was specific for D1 recep-
tor activation, evidence across species now provides compelling support for the
idea that inverted- U dose–function relationship may hold for PFC DA signaling
in general.

14.6.2 How Is DA Improving Working Memory?

Early electrophysiological investigations showed that putative D1 receptor acti-
vation produced a (relative to baseline) stronger amplification of delay- and
response-related single unit activity during the delayed-response task [100]. Yet D1
agonists were also shown to diminish non-target-related activity to a much larger
degree than target-related activity [105, 122]. In this way, at the appropriate acti-
vation range D1 receptors might be said to increase the gain or increase the signal
and decrease the noise, as suggested by early experimental and theoretical work
[123–125].

In terms of the human PFC, an explanation of what signal to noise means and
how it might be modulated by DA has been provided by Winterer and Weinberger
[126–132]. Their definition of “noise” is the variability in the phase relationship of
evoked electroencephalic activity (event-related potentials, ERP) with respect to a
stimulus. It represents increased stimulus-related variability both across time and
across the PFC [126]. Noise measures, according to the definition of Winterer et al.
[126–131], are significantly affected by COMT genotype. Winterer and colleagues
showed that on attentional tasks frontal noise in the EEG was lower in Met/Met indi-
viduals [133] while Val/Val individuals had greater frontal noise [129]. Prefrontal
noise in these individuals was also negatively correlated with performance on the N-
back working memory task [134]. Therefore, these EEG data indicate that, relative
to homozygous Met individuals, homozygous Val carriers with presumed lower PFC
DA levels show more “noise” based on various measures. Along with the differences
in noise there is also a difference in the “signal” between groups as homozygous
Met/Met individuals had a peak blood-oxygen-level-dependent (BOLD) response
that was stronger than that found in Val/Val carriers, indicating that Met/Met
genotype may also confer an increase in signal processing [131].

How might a modulation of signal to noise occur at a cellular level? DA exerts
its impact on working memory and neural activity through a multitude of effects on
presynaptic release, NMDA and GABAA currents, the persistent Na+ current, vari-
ous Ca2+ currents, the slowly inactivating K+ current, and the H current [135–143].
To understand the functional implications of this intricate pattern of DA-induced
cellular and synaptic changes for neural processing and PFC-dependent cognition,
biophysically realistic computational models have proven useful [144–148]. Such
models consist of sets of differential equations for each neuron that describe the
evolution of the somatic and dendritic membrane potentials according to various
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voltage-gated, Ca2+-gated, and synaptically gated ionic currents. The appeal of these
models is their close relation to biophysical quantities measured electrophysiologi-
cally, which allows the effects of DA measured in vitro to be implemented rather
directly with few additional assumptions. These systems can reproduce the low
and high activity states classically associated with spontaneous (baseline) activity
and stimulus-specific delay activity in working memory tasks, respectively [149,
150]. Starting from a configuration that mimics certain functional characteristics
of a working memory network, the models explored how the D1- or D2-receptor-
mediated changes found in vitro could affect widespread cortical network dynamics.
The results revealed that the combined effects of D1-induced conductance modula-
tions led to a change in network dynamics that made it more difficult to switch
between various high activity (active memory) states, i.e., to an increase in the
“energy barrier” between different discrete states of network activity [144–148,
151]. These effects are partly rooted in the differential contribution of various
D1-modulated currents to different activity regimes: The D1-induced increase in
NMDA and modulation of other voltage-dependent currents, by boosting recur-
rent excitation within cell assemblies, increases the strength of the currently active
memory state. The concomitant increase in GABAA currents leads to fiercer com-
petition among different active ensembles of neurons, thereby limiting the number
of items maintained by recurrent excitation. At the same time, this D1 mediated
enhancement of GABAA currents and the reduction in glutamate release proba-
bility make it harder to evoke activity in cell assemblies in the first place [145].
At the in vivo electrophysiological level, these dynamic changes would predict an
increased signal-to-noise ratio in the sense of an increased differentiation of fir-
ing rates associated with currently active memory states from those associated with
nonactivated states or spontaneous activity. A related complementary idea, namely
an increased signal-to-noise ratio via a DA-induced change in gain of the single
neuron input/output function, had been proposed in more abstract terms within
connectionist-like models more than 15 years ago by Servan-Schreiber et al. [125],
and has received experimental support recently [151]. These processes provide a
mechanistic basis for the putative increase in signal to noise thought to occur at the
peak or the optimal region of the inverted-U curve.

14.7 DA Modulation of Working Memory or Working Attention?

Whilst there is considerable evidence to support a role for PFC DA in working
memory, it is clear that the original concept of working memory from animal stud-
ies based on the spatial delayed response, delayed matching, or delayed saccade
tasks, may require some modification to accommodate results that indicate a role
for DA in attentional processing per se in the PFC. Thus, for example, depletion of
PFC DA produced impairments in the development of an attentional set, as tested by
a series of repeated intradimensional shifts in discrimination learning by marmoset
monkeys [152], yet it both increased distractibility and improved the performance of
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extra-dimensional shifting. This is consistent with the hypothesis that DA modulates
the stability of rules for representation of responses. These data are also consistent
with evidence that distraction during working memory tasks is particularly impor-
tant for detecting deficits after prefrontal DA depletion [153] and with the effects
of systemic or intra-PFC agents on attention and working memory in rats ([114,
115, 154, 155], see below). Therefore, as noted above, DA levels in PFC become
elevated upon cognitive load and in this way may focus attentional resources to the
task at hand, including focusing attention on critical aspects of working memory
tasks, putatively by increasing signal-to-noise ratios.

14.8 DA Modulation of Response Flexibility

14.8.1 D2 Receptors and Response Flexibility

If the main purpose of DA is to increase signal to noise in PFC, then why have the
optimal signal-to-noise ratio occur only within limited range at the midpoint of the
inverted-U curve? One reason may be that the “off peak” regions of the inverted-U
may create conditions that are optimal for other forms of cognition. As noted above,
6OHDA lesions can improve the performance of extra-dimensional shifting [152].
Furthermore, Met carriers are less flexible and Val carriers more flexible during
reversals on a competing programs task [156]. Val carriers were also more flexi-
ble in processing emotional stimuli [157]. Behavioral and neurochemical lesioning
studies have suggested a partly antagonistic nature of working memory and cog-
nitive flexibility requirements [153, 158] and therefore response flexibility may be
optimal at other portions of the curve if one assumes the inverted-U theory is based
on DA concentrations and not just D1 receptor activation. More specifically, the
high and low ends of the curve may be more optimal for D2 receptor activation, and
D2 receptor activation may be more optimal for flexible modes of responding [85,
87]. There is some support for the idea that D2 receptors in PFC may be particularly
involved in flexible modes of responding. In monkeys the D2 receptor antagonist
raclopride impaired the performance of a reversal task of response flexibility [159].
In the rat, the role of PFC D2 receptors in set shifting was demonstrated clearly by
Floresco et al. [155] using a 4 arm + maze task. Here the rats were trained to respond
using an egocentric strategy of always going to the arm that was in the same spatial
location relative to their frame of reference (i.e., always go right or left). The rule
then changed, and in order to perform optimally rats now had to visit arms according
to a visual cue, regardless of its egocentric location (or vice versa). Floresco et al.
[155] found that a D2 antagonist but not a D1 antagonist disrupted performance and
caused perseverative errors on the task. In humans, a D2 antagonist has been shown
to deteriorate performance on tests of attentional set shifting and response flexibility
[160]. Moreover, in a group of healthy volunteers, Mehta et al. [161] showed that the
D2 antagonist sulpiride not only impaired task set-switching but actually protected
against the deleterious effects of intervening task-irrelevant distractors on a spatial
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working memory task, as would be expected with a blockade of D2 receptors and a
shift of PFC networks into the peak of the curve optimal for D1 receptor activation.
Conversely, activation of D2 receptors with the D2 agonist bromocriptine improved
performance on the quintessential task of response flexibility, the Wisconsin Card-
Sorting Task, in patients with traumatic brain injuries [162]. Collectively, these data
provide support for the idea that PFC D1 receptor activation is optimal for working
memory, while D2 receptor activation may be optimal for cognitive flexibility.

Other data provide apparent difficulties for this simple idea. For example,
sulpiride a D2 receptor antagonist impaired, whilst a D2 agonist, bromocriptine,
improved delayed spatial working memory performance in human studies [161,
163–165]. Furthermore, the D2 agonist bromocriptine impaired the ability to reverse
a learned probabilistic discrimination, which can be considered a form of behavioral
flexibility [161, 164]. These apparently contradictory findings highlight the com-
plexity of the DA system and how multiple factors come into play in any study of
DA function.

One critical factor that must be taken into account is the baseline performance of
the subjects as discussed above. For instance, the improvement in aspects of spa-
tial span memory by the D2 agonist bromocriptine [164] was notable for being
baseline-dependent; those subjects with worse spans on placebo showed the largest
improvements. This finding is consistent with what had been found earlier by
Kimberg et al. [166] who showed that subjects with lower reading spans improved
on bromocriptine on various tests of executive functioning. This also parallels the
findings of Frank and O’Reilly [167] that another D2 receptor agonist, cabergo-
line, improved the flexible updating (i.e., switching) of working memory in healthy
volunteers with low reading spans.

A similar baseline dependency has also recently been found for the effects of
bromocriptine on attentional switching and working memory [168]. In this case,
the effect depended on the baseline level of impulsivity, as measured by the Barratt
Impulsivity Scale. Notably, the high-impulsive subjects also exhibited lower reading
spans than low-impulsive individuals. These authors used a cued delayed matching
to sample task in which healthy volunteers were required to retrieve either briefly-
presented faces or scenes, depending on the color of the fixation cross. Distractors
were also presented in the retention interval. The required category was switched in
such a way as to induce switching or maintenance of the encoding “set,” switching
being slower and more error prone. In this study, bromocriptine reduced behav-
ioral switch costs as expected for a drug that activates D2 receptors and facilitates
behavioral flexibility. Yet this occurred only in high-impulsive subjects, while in
low-impulsive subjects, if anything, performance was impaired.

These data highlight an important point; that many cognitive functions other than
working memory depend on baseline DA levels, perhaps in regions other than the
PFC. Accordingly, at least in some subject populations, the level of impulsivity is
correlated with genetic determinants of intrinsic DA levels [169, 170] especially in
the striatum [170, 171]. Likewise, the drug-induced improvement by bromocriptine
in the work of Cools et al. [168] was also accompanied by a drug-induced modula-
tion of activity in the putamen, whereas lateral frontal activity was unaltered during
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switching. Thus, impulsivity and flexibility may be determined by the intrinsic lev-
els of DA in brain regions other than the PFC and may be optimal at other portions
of the putative inverted-U curve than for working memory.

Another recent study [172] has highlighted yet another important factor in
determining the effects of DA acting at receptors in PFC and striatum: genetic poly-
morphisms that predict effects on reward and avoidance learning. A polymorphism
in the DARPP-32 gene, associated with striatal dopamine function (putatively allied
to D1 receptor function), predicted relatively better probabilistic reward learning.
Conversely, the C957T polymorphism of the DRD2 gene, associated with D2 recep-
tor function, predicted the degree to which participants learned to avoid choices
that had been probabilistically associated with negative outcomes. The Val/Met
polymorphism of the COMT gene, associated with prefrontal cortical DA function,
predicted participants’ ability to rapidly adapt behavior on a trial-to-trial basis – in
other words utilizing working memory. Finally, a computational model was used
to account for these effects based on three independent genetic effects on three
parameters of a reinforcement learning-based model.

These important studies highlight a number of key points; first that D2 receptors
exert effects on cognition in humans at striatal as well as prefrontal cortical sites.
Notably, in human psychopharmacological studies drugs are necessarily adminis-
tered systemically and may therefore affect receptors in noncortical sites, especially
the striatum, which may function in a reciprocal manner to the cortex in terms of
its regulation by DA. Second, in human subjects, brain imaging methodology (PET
or fMRI) will probably be necessary for unraveling such effects. Thirdly, knowl-
edge of individual differences (possibly at the level of genetic polymorphisms) will
also be vital for predicting effects of DA-ergic agents. This may well prove to be
a key consideration when investigating effects of DA-ergic agents on cognition for
another reason; with DA D2 agents there is the possibility of low-dose autoreceptor
activation, which produces opposite effects on striatal DA-ergic activity to that nor-
mally produced by agonist activity. These effects particularly afflict human studies
where low doses must be employed to avoid debilitating nausea or extrapyrami-
dal side-effects. Virtually all of the studies reviewed above are susceptible to this
issue. Indeed, one of them [167] actually assumed that their effects of cabergoline
and haloperidol indeed result from autoreceptor actions. One way of resolving this
issue will be to perform experiments using PET to measure displacement of the
PET DA ligand by DA. Mehta et al. [173] used PET with the DA D2 receptor lig-
and raclopride to study the effects of sulpiride on spatial working memory. They
replicated the earlier finding with this task of impaired accuracy but also showed
that this impairment was significantly but inversely related to raclopride receptor
occupancy – leading them to speculate that the detrimental effects of sulpiride were
actually related to presynaptic effects and that extrastriatal D2 receptors may also
play a role. Clearly, the future availability of methods for visualizing cortical D2
receptors which now are very difficult to detect, will enable a more satisfactory
resolution of these issues.

Collectively, these data suggest that D2 receptors both within and outside of the
PFC have a preferential role in the regulation of behavioral flexibility. The effects
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may be determined by the genetically regulated intrinsic levels of DA system activ-
ity. These levels in turn determine where a particular individual sits on the putative
inverted-U curve for DA. Furthermore there may be multiple inverted-U-type curves
for DA in various brain regions that influence not only response flexibility but also
other processes such as impulsivity.

14.8.2 How Is DA Modulating Response Flexibility?

In addition to working memory, computational models based on the known biophys-
ical effects of DA have also provided insights into the question of how DA might
regulate response flexibility. As noted above, the striatal DA system contributes to
a number of “PFC-mediated” behaviors and the theoretical models of Frank and
O’Reilly provide an account of how D2 receptors in the striatum might influence
flexible modes of responding [167, 172, 174]. In their models, information within
the PFC is discarded and updated based on the preferential activation of the striatal
“Go” and “no-Go” systems. Within the striatum, unlike the PFC, neurons tend to
contain either D1 or D2 receptors, and the idea is that activation of neurons with
D2 receptors form the “no-GO” system and promote avoidance learning. Avoidance
learning is of course a key aspect of flexible responding since a behavior must first
be inhibited when it is no longer rewarded. The striatal D1 containing “Go” path-
way neurons then are suggested to update network ensembles in PFC that maintain
information in working memory. There is currently a growing literature supporting
the predictions of this model of striatal DA function.

At the level of the PFC, D2 receptors may achieve a similar function but through
different biophysical means. D2 agonists tend to act oppositely from D1 recep-
tors on NMDA and GABAA currents, as well as on pyramidal cell excitability
in PFC [85, 88, 136, 141]. The collective effect of simulating the D2-mediated
reduction in NMDA and GABA currents was a reduction in the “barrier” separat-
ing activity states in the model networks, i.e., the valleys of the energy landscape
become so flat and so near that noise may easily push the system from one rep-
resentation into the other. This resulted in spontaneous pop-out of activity states
caused by noisy fluctuations, highly unstable representations, and fast and sponta-
neous transitions between many different activity states [87, 141, 145, 148]. The
D2-state, due to the decreased energy barrier among activity states, would allow
easier access to PFC networks and faster switching among different PFC activity
patterns such that the network may quickly cycle through multiple representations
that could become active nearly simultaneously [87, 141, 145, 148]. Therefore, the
D1-mediated changes in PFC neurons and networks may explain why their activa-
tion is optimal for working memory and attention, while the D2-mediated changes
may explain why these receptors are more involved in other types of cognition, such
as response flexibility and impulsivity.

While the PFC DA system is activated during the various cognitive processes dis-
cussed above, recall that the most striking activation occurs in response to various
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stressors. Also recall that it appeared to be mainly D2-like or more specifically D4
receptors in the PFC that are the critical modulators of fear or stress-related behav-
iors. It is of note that the low affinity state of the D4 receptor is comparable to that
of the D2 receptor discussed above, while the high affinity state of the D4 recep-
tor is an order of magnitude lower than the high affinity state of the D2 receptor
[67, 68]. Therefore, the large stress-induced increases in PFC DA may be particu-
larly well-suited to activate PFC D2-like and especially D4 receptors. Remarkably
the electrophysiological effects induced by D4 receptors are similar to those pro-
duced by D2 receptors, including a reduction in NMDA and GABAA currents [175,
176]. As described above, modulation of these currents was the critical determinant
of the D2-mediated effects in the computational models and therefore, D4 receptor
stimulation should produce a similar dynamic. This implies that the strong release
of DA in response to stress may activate D4 receptors and establish a “D2-like”
dynamic in PFC, which is associated with increased flexibility characteristic of
effective problem solving under stress.

14.9 Summary and Conclusions

Anatomical, biochemical, neuropharmacological, and electrophysiological data on
the PFC DA system were reviewed. The data suggested that the PFC DA system
was activated under a variety of circumstances, usually for periods that outlasted
the initiating event. Across studies, a consistent theme that emerged was that the
PFC DA system becomes activated in response to a cognitive challenge when the
organism has to understand the meaning of a particularly salient stimuli and how
to deal with it. The levels of DA evoked by stressful stimuli were either measured
or extrapolated to be on the order of 200–500 nM in the extrasynaptic space, with
perisynaptic levels in the low μM range. These levels of DA released would be
sufficient to activate D1-like and/or D2-like receptors, depending on their affinity
state and anatomical location. However, in terms of functional measures, such as
the modulation of NMDA and GABA currents, D1-like receptors tended to mod-
ulate currents in the range of hundreds of nM while D2 and possibly D4 receptors
tended to modulate the same currents at much higher levels. D2 receptors in their
high affinity state may occupy the far left side of the curve, responding to very
low levels of DA and paradoxically producing a similar dynamic to that observed
at high DA levels. Once activated, D1-like and D2-like receptors initiated a vari-
ety of changes that modulated both intrinsic and synaptic currents on PFC neurons,
including importantly NMDA and GABA. Computational models showed that the
D1-like receptor-mediated changes tended to increase the signal to noise of corti-
cal representations and protect these representations from distraction. In contrast,
D2/D4 receptor-mediated changes tended to be in the opposite direction and col-
lectively aided in avoidance learning and subsequently decreased the robustness of
cortical representations by putting the PFC in a mode that could handle information
in a more flexible manner.
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One way in which these data could be integrated would be to suggest that DA
is released in the PFC under conditions of cognitive load when cognitive resources
must be dedicated to understand a stressful or rewarding stimulus and how to deal
with it most effectively. D2/D4 receptors closer to the sites of release may be first
activated by the higher levels of prevailing DA locally and initiate a flexible mode of
processing in an attempt to find solutions. As the DA diffuses away, the exclusively
extrasynaptically located D1-like receptors may become active and help to protect
this processing from distractors that could interfere with the cognitive search. This
implies that PFC networks are processing information perhaps simultaneously in
different modes so as to most effectively deal with the events at hand. Whether this
interpretation of the data or another interpretation is correct, it would appear that
the PFC DA system does exist in some sort of a balance and it is clear that different
receptors have different functions under different conditions. Therefore, one of the
greatest challenges to the field will be to understand how PFC DA maintains a bal-
ance so as to become activated in a manner that is optimal for dealing with the task
at hand.
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Chapter 15
In Vivo Imaging of Dopamine Receptors

Anissa Abi-Dargham and Marc Laruelle

Abstract Positron emission tomography (PET) and single photon emission com-
puted tomography (SPECT) have been used to study indices of dopamine transmis-
sion in schizophrenia, mood disorders, anxiety, dimensions of personality, attention
deficit and hyperactivity disorder (ADHD), and addiction. This is due not only to
suspected dopamine alterations in these disorders, but also to the availability of a
wide array of probes to image the dopaminergic system. In this review we will sum-
marize some of the findings that have emerged from these studies and highlight
controversies and future needs.

Keywords PET imaging · Dopaminergic receptors · Schizophrenia · Occupancy
measures · Addiction

15.1 Introduction

In vivo molecular imaging with positron emission tomography (PET) and single
photon emission computed tomography (SPECT) can be used to measure protein
molecules such as receptors, transporters, and enzymes, as well as cellular processes
such as transmitter synthesis and release. An important property of PET and SPECT
is that they can measure molecules present in the brain in the nanomolar to pico-
molar range of concentrations [1]. To date, the neurochemical system most widely
studied in humans with imaging is the dopamine system. This relates to multiple
factors: (1) the availability of probes for many dopaminergic targets, including D1/5
receptors, D2/3 receptors, dopamine transporters (DAT), and vesicular monoamine
transporters (VMAT), (2) the recent availability of probes that are agonists, such
as [11C]PHNO, which label the high-affinity sites of D2/3 receptors, (3) the
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availability of probes with various levels of affinity revealing receptors in areas
of the brain with low receptor density, such as [18F]Fallypride or [11C]FLB457,
in addition to areas of high receptor density, such as [11C]raclopride, (4) and most
importantly the relevance of dopamine to many basic mental processes (cognition,
reward) and many psychiatric disorders: schizophrenia, mood disorders, anxiety,
dimensions of personality, attention deficit and hyperactivity disorder (ADHD),
addiction. Studies using in vivo imaging of dopaminergic receptors and other trans-
mission indices have been conducted comparing patients in these categories to
healthy subjects. Furthermore, dopaminergic interventions have a prominent role
in our treatment of psychosis, depression, ADHD, and others. For this reason,
PET and SPECT have been used not only to assess the involvement of various
dopaminergic indices in mental activity and psychiatric disease states, but also to
assess the roles of dopaminergic receptors in the treatments for these psychiatric
conditions.

In this chapter we will describe the contributions of imaging dopaminer-
gic receptors, at baseline, after manipulation of dopaminergic levels in vivo,
and after treatment, to the understanding of psychiatric disease and therapeutic
effects.

15.2 Imaging Dopamine Receptors in Schizophrenia

Molecular imaging became available in the 1980s at a time when the dopaminergic
hypothesis of schizophrenia had been a focus of research interest for decades, ini-
tially because of the early observations that dopamine receptors are activated by
psychostimulants, that non-reserpine neuroleptics are dopamine antagonists, and
that dopamine plays an important role in the extrapyramidal motor system. This
interest was strengthened later by the discovery of the correlation between clinical
doses of antipsychotic drugs and their potency to block DA D2 receptors [2, 3] and
studies confirming the psychotogenic effects of DA-enhancing drugs [4, 5]. These
led to the classical dopamine hypothesis of schizophrenia, postulating an increase
in dopamine transmission in this condition.

Over the years, the awareness of negative symptoms (flattening of affect, apa-
thy, poverty of speech, anhedonia, and social withdrawal) and cognitive symptoms
(deficits in attention, working memory, and executive functions) in this illness and
of their resistance to D2 receptor antagonism led to a reformulation of the classical
DA hypothesis. Functional brain imaging studies suggested that these symptoms
might arise from altered prefrontal cortex (PFC) functions [6]. A wealth of preclin-
ical studies emerged documenting the importance of prefrontal DA transmission at
D1 receptors (the main DA receptor in the neocortex) for optimal PFC performance
[7]. Together, these observations led to the hypothesis that a deficit in DA transmis-
sion at D1 receptors in the PFC might be implicated in the cognitive impairments
and negative symptoms of schizophrenia [8, 9] while the excess DA transmission
may be related only to the core or “positive” symptoms (hallucinations, delusions).
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The advent in the early 1980s of techniques based on PET and SPECT to measure
indices of DA activity in the living human brain opened the possibility of direct
investigation of these hypotheses. We will review these below.

Studies of striatal DA transmission in schizophrenia examined both post-synaptic
(D2/3 receptors and D1/5 receptors, although for simplicity of notation we will refer
to these as D2 receptors and D1 receptors) and presynaptic (DOPA decarboxylase
activity, stimulant-induced DA release, baseline DA release, and DAT) functions.

15.2.1 Striatal DA Transmission and Receptors

15.2.1.1 Dopamine Receptors

Striatal D2 receptor density in schizophrenia has been extensively studied with
PET and SPECT imaging. Studies comparing parameters of D2 receptor binding
in patients with schizophrenia and healthy controls (n = 17 studies) included a
total of 245 patients (112 were neuroleptic naïve and 133 were neuroleptic free for
variable periods of time) [10–26]. These patients were compared to 231 controls,
matched for age and sex. Eleven studies used PET and six studies used SPECT.
Radiotracers included butyrophenones ([11C]N-methyl-spiperone, [11C]NMSP,
n = 4, and [76Br]bromospiperone, n = 3), benzamides ([11C]raclopride, n = 3, and
[123I]IBZM, n = 5) or the ergot derivative [76Br]lisuride, n = 2.

Only 2 out of 17 studies detected a significant elevation of D2 receptor density
parameters at a level p < 0.05. However, meta-analysis of the 17 studies reveals a
small but significant elevation of D2 receptors in patients with schizophrenia [27].
If D2 receptor density did not differ between patients and controls (null hypothesis),
one would expect approximately 50% of the studies to report lower D2 receptor lev-
els in schizophrenics compared to controls. Instead, 13 out of 17 studies reported
an increase (although not significant in 11 out of 13 cases), 2 reported no change,
and only 2 studies reported a decrease in patients compared to controls. This distri-
bution is unlikely (p < 0.05, sign test) under the null hypothesis. The average effect
size (mean value in schizophrenic group – mean value in control group/SD in con-
trol group) of the 17 studies was 0.51 ± 0.76 (SD), and the probability to yield such
effect size under the null hypothesis is again lower than 0.05. The aggregate mag-
nitude of this elevation is thus 51% of the SD of controls. Given an average control
SD of 23%, the effect is about 12%. To detect an effect size of 0.51 at 0.05 signif-
icance level with a power of 80%, a sample of 64 patients and 64 controls would
be needed. Clearly, none of the studies included enough patients to detect this small
effect with appropriate power.

No clinical correlates of increased D2 receptor binding parameters have been reli-
ably identified. Thus, the simplest conclusion from these studies is that untreated or
never treated patients with schizophrenia show a modest elevation in D2 receptor
density parameters (of about 12%) of undetermined clinical significance, that all
studies were underpowered, and that positive results occasionally reported [10, 11]
are due to a sampling effect. A similar conclusion was reached by Kestler et al. [28]
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in their own meta-analysis. This conclusion is reached under the assumptions that
all studies measured parameters from the “same” D2 receptors population. Clearly,
the aggregate D2 receptor increase reported in vivo in drug-free patients is lower
than that the increase reported in postmortem studies, supporting the idea that post-
mortem results were significantly affected by antemortem medications. A study in
unaffected monozygotic twins of patients with schizophrenia also suggested that a
modest elevation of D2 receptors in the caudate might be associated with genetic
vulnerability to schizophrenia [29].

Studies performed with butyrophenones (n = 7) have an effect size of 0.96 ±
1.05, while studies performed with other ligands (benzamides and lisuride, n =
10) have an effect size of 0.20 ± 0.26, a difference that is significant (p = 0.04).
This observation suggests that the in vivo increase in butyrophenone binding might
be larger than the increase in benzamide binding. Unfortunately, no studies have
been reported in which the same subjects were scanned with both ligands. Such a
study is warranted to directly test this proposition. Several hypotheses have been
advanced to account for the existence of a differential increase in [11C]NMSP in
vivo binding in patients with schizophrenia in the face of normal in vivo benza-
mide binding. Since [11C]raclopride and [123I]IBZM bind to D2 and D3 receptors
while [11C]NMSP binds to D2, D3 and D4 receptors, this difference could reflect a
selective elevation of D4 receptors in schizophrenia [30]. However, this hypothesis
has not been substantiated [31]. Another hypothesis derives from the observation
that D2 receptors, like several G-protein-coupled receptors, exist in monomers,
dimers, and other oligomeric forms [32–35]. Photoaffinity-labeling experiments
suggested that butyrophenones detect only monomers, while benzamides detect
both monomers and dimers. Thus, increased butyrophenone binding and normal
benzamide binding might reflect a higher monomer/dimer ratio in schizophrenia.
This interesting hypothesis deserves further exploration. A third proposition evolved
around the idea that the binding of these ligands would display different vulnera-
bility to competition by endogenous DA [36, 37]. This proposition was based on
two assumptions: (1) the concentration of DA in the proximity of D2 receptors
might be higher in patients compared to controls and (2) [11C]NMSP might be less
affected than [11C]raclopride or [123I]IBZM binding by endogenous DA compe-
tition. It follows that D2 receptor density measured in vivo with [11C]raclopride
and [123I]IBZM would be “underestimated” to a greater extent in patients with
schizophrenia than in control subjects. This hypothesis played an important role in
bringing the endogenous competition concept to the attention of the imaging field
(see below).

Regarding striatal D1 receptors, several imaging studies [16, 38, 39] have con-
firmed the results of postmortem studies of unaltered levels of these receptors in the
striatum as a whole in patients with schizophrenia.

Several lines of evidence suggest that D3 receptors might play an important
role in the pathophysiology and treatment of schizophrenia [40, 41]. Until recently,
imaging D3 receptors was not feasible: PET radiotracers commonly used to study
D2 and D3 receptors exhibit similar affinities for both receptors and the concen-
tration of D3 receptors in the human striatum is lower than that of D2 receptors.
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[11C]PHNO is an agonist at D2/3 receptors with higher affinity for D3 versus D2
[42]. A study comparing [11C]PHNO in patients with schizophrenia to healthy con-
trols found no differences showing no alterations in the affinity for the receptors or
in the D3 composition [43], although a more selective tracer is needed to confirm
these results.

15.2.1.2 Dopamine Transporter

Three imaging studies have confirmed the in vitro observation of normal stri-
atal DAT density in schizophrenia [44, 45]. In addition, no association between
amphetamine-induced DA release and DAT density was found [44], suggesting that
the increased presynaptic output revealed by the studies reviewed above is not due
to higher terminal density.

15.2.1.3 Vesicular Monoamine Transporter

Using the radiotracer [11C]DTBZ [46] Taylor et al. were not able to show any
difference in vesicular monoamine transporter BP in patients with schizophrenia
compared to healthy subjects.

15.2.1.4 Striatal Amphetamine-Induced DA Release

In addition to the small increase in striatal D2 receptors, studies have shown
increased rates of dopamine synthesis and release. The decrease in [11C]raclopride
and [123I]IBZM in vivo binding following acute amphetamine challenge has been
well validated as a measure of the change in D2 receptor stimulation by DA due to
amphetamine-induced DA release [47–49].

Three studies showed that the amphetamine-induced decrease in [11C]raclopride
or [123I]IBZM binding is elevated in untreated patients with schizophrenia com-
pared to well-matched controls [50, 51] [49]. A significant relationship was
observed between the magnitude of this effect and the transient induction or
worsening of positive symptoms. This exaggerated response of the DA system to
amphetamine was observed in both first-episode/drug-naïve patients and previously
treated patients [52], but was larger in patients experiencing an episode of illness
exacerbation than in patients in remission at the time of the scan [52]. This exag-
gerated DA reactivity did not appear to be a nonspecific effect of stress, as higher
self-reports of anxiety before the experiments were not associated with larger effect
of amphetamine on [123I]IBZM binding. Furthermore, non-psychotic subjects with
unipolar depression, who reported levels of anxiety similar to the schizophrenic
patients at the time of the scan, showed normal amphetamine-induced displacement
of [123I]IBZM [53].
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15.2.1.5 Baseline Occupancy of Striatal D2 Receptors by DA

In rodents, acute depletion of synaptic DA is associated with an acute increase in the
in vivo binding of [11C]raclopride or [123I]IBZM to D2 receptors [54]. The increased
binding is observed in vivo but not in vitro, indicating that it is not due to receptor
upregulation [55], but to removal of endogenous DA and unmasking of D2 recep-
tors previously occupied by DA. A similar acute DA depletion technique paired
with D2 receptor imaging in humans using alpha-methyl-para-tyrosine, αMPT, an
irreversible inhibitor of tyrosine hydroxylase, the rate-limiting step in dopamine
synthesis, has been developed to assess the degree of occupancy of D2 receptors by
DA [55]. In schizophrenia, there was a higher occupancy of D2 receptors by DA in
patients experiencing an episode of illness exacerbation, compared to healthy con-
trols [24]. Higher synaptic DA levels in patients with schizophrenia were predictive
of good therapeutic response of these symptoms following 6 weeks of treatment
with atypical antipsychotic medications [24].

Both sets of findings, stimulated and baseline DA release, shown to be higher in
drug naïve patients with schizophrenia than in controls [56], have generally been
interpreted as reflecting an increase in synaptic DA in the schizophrenic group.
Another interpretation of these observations would be that schizophrenia is asso-
ciated with increased affinity of D2 receptors for DA, but this was shown not to be
the case recently by using a D2/3 agonist radiotracer [43]. Furthermore, the increased
release is consistent with the findings of presynaptic increased synthesis as shown
by [18F]DOPA or [11C]DOPA studies.

15.2.1.6 Striatal Aromatic Amino Acid Decarboxylase Activity

Eight studies have reported rates of DOPA decarboxylase in patients with
schizophrenia, using [18F]DOPA or [11C]DOPA. Six out of the eight stud-
ies reported increased accumulation of DOPA in the striatum of patients with
schizophrenia [57–64], one reported no change [57], and one study reported
reduced [18F]DOPA striatal uptake [58]. All three studies that involved first-episode
schizophrenia showed an increase of DOPA in the striatum [59–61]. Increased
uptake of radiolabeled DOPA reflects both increased DOPA decarboxylase activity
and increased vesicular accumulation of the radiolabeled DOPA product, dopamine.
Interestingly, a recent study observed a relationship between poor prefrontal activa-
tion during the Wisconsin Card Sorting task and elevated [18F]DOPA accumulation
in the striatum, suggesting a link between alteration of the dorsolateral prefrontal
cortex function and increased striatal DA activity in schizophrenia [63]. In rats as in
anesthetized pigs, increases in AADC activity in vitro and in vivo have been reported
following acute treatment with dopamine antagonists [65–67]. Conversely acute
treatment with the dopamine agonist apomorphine decreases 11C-DOPA influx in
monkeys [68]. Evidence for such effects in humans, however, is extremely lim-
ited. Thus, in the only comprehensive study to date Grunder et al. recently reported
a decrease in [18F]DOPA uptake in nine patients with schizophrenia following
subchronic treatment with haloperidol [69], suggesting that chronic neuroleptic
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administration will tend to decrease AADC activity and hence dopamine synthe-
sis. Interestingly, acute administration of antipsychotics increases DA neurons firing
whereas chronic administration decreases the number of spontaneously active DA
neurons in the rat substantia nigra [70], suggesting that the different effects of
antipsychotics on AADC activity in the living brain could reflect such phenomena.

15.2.2 Extrastriatal D2 Receptors

The recent availability of high-affinity D2 radiotracers allowed the study of D2
receptors in low-density regions such as the substantia nigra, thalamus, and tem-
poral cortex in patients with schizophrenia compared to controls (Fig. 15.1). Lower
D2 receptor density has been described in untreated schizophrenia in the thalamus
[71–75], as well as in the midbrain [76], temporal cortex [71], and cingulate cor-
tex [75, 77]. One study showed an increase in D2 receptors in the substantia nigra
[78]. A very recent large study using similar methodology did not confirm any of
these alterations in extrastriatal D2 receptors [79]. Additional studies are needed
to resolve the discrepancies and expand beyond measuring levels of D2 receptors
to assess alterations of the transmitter itself in extrastriatal areas. As in striatum,

Fig. 15.1 Coronal, transaxial, and sagittal views of PET images acquired 50–80 min following
injection of 2.5 mCi [18F]Fallypride, a high-affinity D2/3 radiotracer, in a 30-year-old female,
with coregistered MRI. Slices were chosen to illustrate extrastriatal regions with detectable
specific-binding signal, such as the thalamus including the medio-dorsal nucleus (MDT), the
parahippocampal gyrus (PHG), the substantia nigra (SN), the inferior colliculi (IC), and the
pituitary (PIT)
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alterations in levels of neurotransmitter may mask potential differences in receptor
density between patients and controls.

15.2.3 Prefrontal DA Receptors

The majority of DA receptors in the PFC are of the D1 subtype [80, 81]. Cortical
D1 receptors have been studied in schizophrenia using [11C]SCH 23390 [82] and
[11C]NNC 112 [83, 84]. In humans, [11C]NNC 112 provides higher specific to non-
specific ratios compared to [11C]SCH 23390 [84, 85], a property that is important
for quantification of cortical D1 receptors. It should be noted that both ligands dis-
play only moderate in vivo selectivity for D1 relative to 5-HT2A receptors, and that
20–30% of cortical binding of both radiotracers correspond to binding to 5-HT2A
receptors [86, 87].

PET studies with [11C]SCH 23390 reported decreased [16] or unchanged [88]
prefrontal D1 receptor availability in untreated patients with schizophrenia. In con-
trast, a study using [11C]NNC 112 reported increased D1 receptor availability in
the dorsolateral PFC (DLPFC) of patients with schizophrenia [39]. Interestingly,
increased [11C]NNC 112 binding was associated with poor performance on the
“n-back” test of working memory [39]. The reason for the discrepancy in the results
obtained with [11C]SCH 23390 and [11C]NNC 112 remains to be elucidated, but it
is interesting to note that the binding of both radiotracers is differentially affected
by endogenous DA competition and receptor trafficking [54]. For example, chronic
DA depletion in rodents is associated with decreased and increased in vivo binding
of [11C]SCH 23390 and [11C]NNC 112, respectively [89]. Thus, the contradictory
observations of decreased [11C]SCH 23390 binding [16] and increased [11C]NNC
112 binding [39] observed in the PFC in patients with schizophrenia might in fact
both represent consequences of sustained deficit in prefrontal DA function. Much
work remains to be done to validate this hypothesis. This point illustrates that the in
vivo binding of radiotracers is affected by several factors that are not present in the
typical in vitro situation, such as the impact of receptor trafficking on ligand affinity
[54]. This situation represents both a challenge, because the interpretation of the
results is less straightforward, and an opportunity, because more information can be
gained on the functions of the living neurons. However, more selective tracers are
needed to pursue this line of investigation.

15.2.4 Antipsychotic Drug Occupancy Studies

An important use of neuroreceptor imaging in schizophrenia over the last two
decades has been the assessment of receptor occupancy achieved by typical and
atypical antipsychotic drugs [90, 91]. The main focus has been on D2 receptor
occupancy, but 5HT2A and D1 receptors have also been investigated. Studies have
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repeatedly confirmed the existence of a threshold of occupancy of striatal D2 recep-
tors (about 80%) above which extrapyramidal side effects (EPS) are likely to occur
[92] with the exception of the most recently approved antipsychotic, aripiprazole,
which functions as a partial agonist [93]. A relationship between the degree of D2
receptor occupancy and clinical response has not been observed [94, 95] at doses
achieving more than 50% occupancy; however, two recent studies that included
a wider range of receptor occupancies showed a relationship between striatal D2
receptor occupancy and treatment of positive symptoms [93, 96]. Two studies per-
formed with low doses of relatively selective D2 receptor antagonists (haloperidol
and raclopride) suggested that 50–60% occupancy was required to observe a rapid
clinical response [97, 98]. Clozapine, at clinically therapeutic doses, has been found
to achieve only 40–60% D2 receptor occupancy [92, 95, 99], which, in conjunc-
tion with its anticholinergic properties, may account for its low liability for EPS.
Occupancy of 5-HT2A receptors by “5-HT2A/D2 balanced antagonists” such as
risperidone does not confer protection against EPS, since the threshold of D2 recep-
tor occupancy associated with EPS is not markedly different between these drugs
and drugs devoid of 5HT2A antagonism [100–103]. Studies with quetiapine suggest
that, at least with this agent, transient high occupancy of D2 receptors might be
sufficient to elicit clinical response [104, 105].

An interesting question relates to putative differences in the degree of occupancy
achieved by antipsychotic drugs in striatal and extrastriatal areas. Pilowsky et al.
[106] initially reported lower occupancy of striatal D2 receptors compared to tem-
poral cortex D2 receptors in seven patients treated with the atypical antipsychotic
drug clozapine, using the high-affinity SPECT ligand [123I]epidepride. In contrast,
typical antipsychotics were reported to achieve similar occupancy in striatal and
extrastriatal areas, as measured with [11C]FLB 457 [107] or [123I]epidepride [108].
It should be noted, however, that these very high-affinity ligands do not allow accu-
rate determination of D2 receptor availability in the striatum [109]. Conversely,
[18F]fallypride enables accurate determination of D2 receptor availability in both
striatal and extrastriatal areas [110]. Occupancy studies using [18F]fallypride con-
firmed that clozapine and quetiapine , but not olanzapine or haloperidol, achieved
higher D2 receptor occupancy in temporal compared to striatal regions [111–113].
Occupancy studies performed with [76Br]FLB457 also reported higher occupan-
cies in cortex compared to striatum for a number of antipsychotic drugs, including
typical antipsychotic drugs [114]. Conversely, a study combining [11C]FLB 457
imaging for extrastriatal D2 receptor receptors and [11C]raclopride imaging for stri-
atal D2 receptors suggested similar occupancy of D2 receptors in both regions for
both typical and atypical antipsychotic drugs [115]. Our own study showed a small
difference with higher EC50 for aripiprazole in extrastriatal regions compared to
striatal regions [93]. This difference may have been too small to detect consistently,
conferring discrepant findings across studies. Thus, at this point in time, there is a
strong suggestion that many, if not most, antipsychotic drugs achieve higher occu-
pancies in extrastriatal regions compared to striatum, although this phenomenon
has not been universally observed. Factors underlying this difference remain to be
elucidated.
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Finally, it is important to point out that D2 receptor occupancy levels in striatum
has been showed to be more predictive of therapeutic response than in temporal
cortex [93, 96]. Thus, the observation that, in a restricted dose range, D2 receptor
occupancy by antipsychotic drugs is higher in temporal cortex than in striatum does
not necessarily imply that the temporal cortex is the therapeutic site of actions of
these agents.

15.3 Dopamine Receptors in Affective Disorders

15.3.1 Major Depressive Disorder

The critical role of DA in brain reward systems, the reports of low cerebrospinal
fluid homovanillic acid levels in depressed patients, the association of major depres-
sion with Parkinson’s disease, and the enhancement of dopaminergic activity by
several antidepressant treatments suggest that a deficiency of dopaminergic func-
tion might be associated with major depression [116–119]. Five studies compared
striatal D2 receptor availability with [123I]IBZM and SPECT in patients with major
depression and control subjects. Two of the five studies reported higher [123I]IBZM-
specific binding in the striatum of depressed subjects compared to controls [120,
121], whereas three studies reported no changes [122–124]. Using [11C]raclopride
and PET, one study reported elevated D2 receptor availability in putamen in
patients with depression with motor retardation [125]. Amphetamine-induced DA
release was also assessed in patients with major depression and found to be
unchanged [124].

Two studies examined [123I]β-CIT striatal binding to the dopamine transporter
(DAT) in patients with major depression and yielded conflicting results: one study
reported normal levels of striatal DAT in patients with major depression [126], while
the other one reported increased DAT levels [127]. One study reported decreased
DAT density in depression using [11C]RTI-32 [128]. SPECT studies conducted with
[99m Tc]TRODAT-1 also reported conflicting results, with studies reported increased
[129] or unchanged [130] striatal [99m Tc]TRODAT-1 uptake in patients with major
depression.

Finally, [18F]DOPA uptake in the left caudate was observed to be significantly
lower in depressed patients with psychomotor retardation than in depressed patients
with high impulsivity and in comparison subjects [131]. Thus, major depression per
se does not appear to be consistently associated with alteration of the dopaminergic
parameters at the level of the whole striatum. However, DA might play a role in the
neurobiology underlying some clinical features of depression, such as psychomotor
retardation.

15.3.2 Bipolar Disorder

Because of the relationship between mania and psychosis, a number of PET stud-
ies have investigated the DA system in bipolar disorders. D1 receptor binding in
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the frontal cortex was reported to be decreased in a study of ten symptomatically
heterogeneous, drug-free bipolar patients [132]. Increases in D2-like (i.e., D2, D3,
and D4) receptor density in the striatum were found in 7 psychotic patients with
bipolar disorder when compared to 7 non-psychotic patients with bipolar disorder
and 24 control subjects. The authors concluded that an increase in D2-like recep-
tors is associated with the state of psychosis rather than with a diagnosis of bipolar
disorder [133]. As part of the same studies, Gjedde and Wong also reported find-
ings consistent with an elevated concentration of synaptic DA in bipolar patients
with psychosis, but not in non-psychotic bipolar patients [134]. On the other hand,
amphetamine-induced DA release was reported to be normal in euthymic patients
with bipolar disorders [135].

In conclusion, few investigations have been reported using PET molecular imag-
ing techniques in patients with bipolar disorders, and the findings reported so far
might be related to clinical states (depression, mania with psychosis) rather than to
the bipolar condition per se.

15.4 Social Phobia (Social Anxiety Disorder)

Neurobiological mechanisms underlying social phobia, including neuroimaging
findings, have been reviewed recently [136–138]. One SPECT study using [123I]β-
CIT to label DAT in the striatum reported that densities were markedly lower in
patients with social phobia than in age- and gender-matched controls [139]. Another
study using [123I]IBZM reported a significant decrease in D2 receptor binding
potential in patients with social phobia compared to controls [140]. However, this
was not replicated by the same group using PET and examining D2 receptor and DA
release as well as DAT with a SPECT tracer, [123I]β-CIT [141]. These inconsisten-
cies, often described in the imaging literature, may result from heterogeneity of the
disorders.

15.5 Personality Disorders and Traits

Personality disorders (PD) are characterized by stable patterns of maladaptive
behavior. Some, such as paranoid, schizoid, schizotypal, avoidant, and obsessive-
compulsive PD, have stable patterns of behavior reminiscent of their corresponding
clinical disorders but do not reach a sufficient severity and their response to medica-
tion is generally poor. It might therefore be expected that some personality disorders
might be associated with neurobiological abnormalities similar to, but less marked
than, the disorders described in this chapter. Functional imaging studies have now
begun to address the issue of how neurochemical brain functions may be associated
with normal and pathological personality traits.

A number of studies have investigated differences within the normal range of per-
sonality traits or temperaments in healthy subjects. Most receptor PET studies have
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so far investigated dopaminergic neurotransmission. Studies using [11C]raclopride
report that the traits of depression and personal detachment are related to low D2
receptor density in the striatum [142, 143]. However, the relationship is not evident
on all measures of detachment [143, 144]. Detachment was also found to be associ-
ated with low DAT binding in the putamen [145]. These findings are also interesting
in view of the association between social phobia and low DAT and D2 receptors
[139, 140], and it has been argued that these neurobiological findings might underlie
a commonality between detachment and social phobia [146].

In schizotypal personality disorder, similar alterations in dopamine transmission
have been reported as in schizophrenia, albeit in a smaller magnitude [147].

15.6 Attention Deficit Hyperactivity Disorder

Interesting findings have been reported in the study of attention deficit hyperactivity
disorder (ADHD), a condition treated with psychostimulants. In a preliminary study
of six adult subjects with ADHD, Dougherty et al. [148] observed a large increase in
DAT availability (70%) compared to controls. This finding was replicated in a larger
samples of adults with ADHD by Dresel et al. [149], using [99mTc]TRODAT-1,
by Larish et al. [150], using [123I]FP-CIT, and by Spencer et al. [151], using
[18F]altropane. In these subsequent studies, the magnitude of DAT elevation was
considerably lower than in the original study. Elevated DAT availability was also
replicated in children with ADHD [152]. On the other hand, this finding has not been
replicated in several studies carried out by other groups [153–155] using [123I]β-
CIT SPECT, [11C]PE2I PET, and [11C]cocaine PET, respectively. Here again, the
heterogeneity of this condition might account for the discrepant results.

The DAT blocker methylphenidate is the treatment of choice of ADHD, and oral
therapeutic doses induce significantly decreased [11C]raclopride binding [156], pre-
sumably due to increased synaptic DA levels. This method might provide a tool to
monitor the biological effectiveness (increased synaptic DA) of the treatment and
be useful in the evaluation of non-responders.

15.7 Substance Abuse

Molecular imaging investigations yielded important information about the mode
of action of addictive substances and neurochemical abnormalities associated with
addictions. Given the central role of DA in mediating the rewarding effects of drugs
of abuse [157–162], it is not surprising that many imaging studies focused on this
transmitter system. In general, studies demonstrated that acute administration of
addictive drugs is associated with increased DA transmission in the limbic striatum,
and that the pleasurable effects of these drugs are associated with the magnitude of
DA system stimulation. In patients suffering from addiction, studies demonstrated
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deficits of both pre- and post-synaptic DA function, a finding not readily predicted
from animal data.

15.7.1 Cocaine

Cocaine abuse has been extensively studied using molecular imaging techniques.
Most of the work has focused on changes in striatal DA that occur with chronic
cocaine use. The studies have generated a remarkably consistent set of data and
illustrate admirably the ability of molecular imaging to unravel neurochemical
abnormalities in the human brain associated with pathological conditions.

15.7.1.1 D2 Receptors

A reduction in striatal DA D2 receptors has been demonstrated by Volkow et al.
using both [18F] N-methylspiroperidol and [11C] raclopride [163–166], a finding
that has been independently replicated [167]. Volkow et al. [164] also noted that
this decrease in striatal D2 receptor availability correlated with years of use. This
deficit appears to be long lasting in a group of subjects re-scanned after 3 months
of inpatient rehabilitation [164]. PET studies also revealed reduction in striatal D2
receptor availability in heroin abuse [168], methamphetamine abuse [169], and alco-
holism [170–172], suggesting that decreased striatal D2 receptor availability might
be a general feature of the addicted brain.

The results of these studies raise the question of whether a decrease in D2 recep-
tors is the result of years of drug abuse or represents a neurochemical risk factor for
developing substance abuse. Two observations suggested that low D2 receptor avail-
ability might constitute a risk factor for the development of addiction. First, studies
in healthy subjects suggested that low striatal D2 receptor availability was predic-
tive of a pleasurable experience following administration of the psychostimulant
methylphenidate [173, 174]. Second, studies in nonhuman primates demonstrated
that low striatal D2 receptor availability was predictive of increased propensity to
self-administer cocaine [175]. It should be noted, however, that low D2 receptor
availability is not predictive of a pleasurable experience following amphetamine in
healthy subjects [176–178] nor in cocaine abusers [167]. Thus, while the associ-
ation between low striatal D2 receptor availability and history of chronic cocaine
abuse is well established, the direction of causality in this relationship remains to be
clarified.

15.7.1.2 Stimulant-Induced DA Release

As described above, PET and SPECT studies can be used to measure changes in
subcortical DA transmission in the human brain following psychostimulant admin-
istration [54]. In healthy subjects, a number of independent studies have shown that
the percentage decrease in radioligand binding (i.e., the increase in DA release) is
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positively correlated with the pleasurable subjective effects induced by psychos-
timulant administration [176, 178–182]. This observation is consistent with the
preclinical body of evidence indicating that DA transmission in the ventral striatum
mediates the reinforcing effects of drugs of abuse [183, 184]. PET studies showed
a greater decrease in [11C]raclopride binding in the ventral versus dorsal striatum
in healthy controls in response to an amphetamine challenge [167, 180], and in
response to a monetary reward [185]. Collectively, these studies suggest that strong
DA response would correlate with increased reward value, might mediate the rein-
forcing effects of drugs of abuse, and might therefore constitute a risk factor toward
the development of addiction.

However, cocaine abusers have been shown to have a blunted DA response to
psychostimulants. A study of Volkow et al. [166] used [11C]raclopride to measure
the change in D2 receptor availability before and after an i.v. dose of 0.5 mg/kg
methylphenidate in healthy controls and cocaine abusers who had been abstinent
for 3–6 weeks. The authors reported a 9% decrease in [11C]raclopride binding
in the cocaine abusers compared to a 21% decrease in healthy controls. Malison
et al. [186] performed a similar study in abstinent cocaine abusers and controls
using [123I]IBZM and an amphetamine challenge (0.3 mg/kg i.v.) and reported a
1% change in binding in the cocaine abusers compared to a 10% decrease in con-
trols. Similarly, Martinez et al. [167] showed that the effect of amphetamine on
(0.3 mg/kg i.v.) on [11C]raclopride binding is markedly blunted in cocaine abusers in
all striatal subregions. In the ventral striatum, this response was completely blunted.
Furthermore, blunted dopamine transmission in the ventral striatum and anterior
caudate was predictive of the choice for cocaine over money, suggesting that this
deficit might confer vulnerability to relapse [167].

15.7.1.3 DOPA Decarboxylase

The findings above of blunted presynaptic DA function in cocaine abusers are sup-
ported by the study of Wu et al. [187] showing a reduction in the rate of uptake of
[18F]6-FDOPA in abstinent cocaine abusers.

15.7.1.4 DAT

Imaging studies of the DAT in cocaine abusers have been published, and this body of
work has failed to provide a clear picture of the status of the DAT in cocaine abusers.
Using [11C]cocaine, no changes in DAT were observed in detoxified (>1 month)
cocaine abusers [188]. In contrast, Malison et al. [189] showed a significant upreg-
ulation of DA transporters, measured with SPECT and [123I]β-CIT, in the striatum
of recently detoxified (<96 h) cocaine abusers. Such upregulation was not observed
following prolonged abstinence.

DAT occupancy by cocaine. Studies of DAT occupancy by cocaine have gener-
ated valuable information. Volkow et al. [190] reported that a DAT occupancy of
about 50% or more is needed to produce the subjective effects of cocaine. These
data suggest that any treatment approach to cocaine abuse in which the transporter
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is blocked would need to produce somewhere between 60 and 90% occupancy of
the transporters. This issue was addressed in an occupancy study of mazindol, a
non-selective catecholamine reuptake inhibitor [191]. This study showed that the
clinical dosage generally used produced only a modest occupancy of 16–23% and
would therefore not be expected to have sufficient efficacy to block the reinforcing
effects of cocaine.

While the magnitude of DAT blockade is important for the experience of the
rewarding effect, the rate of occupancy is an important feature of the addictive pro-
cess [192, 193]. Thus, cocaine exhibits very rapid association and dissociation from
the DAT and is highly addictive. The reinforcing effects of methylphenidate are
stronger after i.v. compared to p.o. administration, due to faster access to the DAT
after i.v. administration. Antidepressants like bupropion or radafaxine associated
with moderated and sustained DAT occupancy due to slow peripheral clearance are
devoid of abuse liability [194].

Cue-induced cocaine craving. Two studies showed that cue-induced cocaine
craving is associated with acute decrease in [11C]raclopride availability, presumably
related to acute changes in synaptic DA [195, 196]. Interestingly, craving intensity
is associated with DA release in the dorsal rather than the ventral striatum suggest-
ing the involvement of this region in the habituation process associated with craving
and addiction.

Overall, the studies in cocaine abuse demonstrate a clear and pronounced dys-
regulation of the DA system in this disorder. The findings of decreased [18F]DOPA
accumulation, decreased amphetamine- and methylphenidate-induced DA release,
and decreased D2 receptor density suggest a functional deficit in D2 receptor trans-
mission at the level of the whole striatum in this population. This alteration in DA
transmission might contribute to the addictive process and the relapse risk.

15.7.2 Methamphetamine

Two imaging studies in methamphetamine abusers have demonstrated a significant
decrease in DAT density using PET [197, 198]. The authors also found that the
decrease in DAT availability correlated with years of abuse and with impairment in
motor and memory tasks. Both studies are in agreement with a postmortem report of
reduced DA transporter density in the striata of chronic methamphetamine abusers,
as well as decreases in DA and tyrosine hydroxylase [199]. Evidence from studies
in Parkinson’s disease support the hypothesis that the reduction in DAT availability
reflects a loss of DA neurons which is detectable with functional imaging [200–202].
Based on this interpretation, these studies raise the issue of whether this decrease
is reversible or whether methamphetamine abuse results in neurotoxicity to the
dopaminergic neurons. PET and postmortem studies in nonhuman primates have
shown that methamphetamine exposure results in decreased DAT and other mark-
ers of dopaminergic transmission, suggesting a frank loss of dopaminergic neurons
[203, 204]. However, one study suggested that this reduction might be reversible
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after prolonged abstinence [205]. Overall, the PET data demonstrate that metham-
phetamine abuse in humans results in a reduction in the DAT and raise concerns
about the DA neurotoxicity associated with this addiction.

15.7.3 Nicotine

Relative to the impact of smoking on public health, relatively few molecular imag-
ing studies have been carried out to understand the impact of smoking on brain
chemistry.

Molecular imaging of nicotinic receptors demonstrated that typical cigarette
smoking results in rapid and sustained near saturation of the alpha2 beta4 nicotinic
receptors measured with 2-[18F]85380 [206]. One SPECT study in nonhuman pri-
mates suggested that this was associated with significant and prolonged upregulation
of these receptors [207].

Several studies evaluated the effect of nicotine on striatal DA release, as mea-
sured with the [11C]raclopride-binding reduction method. In rhesus monkeys, i.v.
nicotine doses ranging from 0.01 to 0.06 mg/kg caused a significant albeit small
reduction (5%) in [11C]raclopride availability [208]. In humans, a first study [209]
failed to detect a significant effect of cigarette smoking in regular smokers on striatal
[11C]raclopride binding, but detected a relationship between the hedonic response
to nicotine and decreased [11C]raclopride binding. Another study in nicotine-
dependent subjects demonstrated a 30% reduction in [11C]raclopride binding in the
ventral striatum following one cigarette [210]. The magnitude of this effect was sur-
prising, as it exceeded the magnitude of the [11C]raclopride reduction observed in
the same region following i.v. amphetamine 0.3 mg/kg i.v. (15–20%) [180, 181].
In a subsequent study in a larger group of subjects, this group reported a much
lower decrease in [11C]raclopride striatal binding following cigarette smoking (8%)
[211]. Finally, Montgomery et al. [212] failed to detect changes in [11C]raclopride
binding in regular smokers following intranasal nicotine administration, while rela-
tionships were reported between positive subjective effects of the drug and decrease
[11C]raclopride binding in striatal subregions. Together, these studies demonstrated
that nicotine exposure in human smokers is associated with increases in synaptic
DA and that this effect is generally of lower magnitude than the one observed with
psychostimulants [54] and close to the detection limit associated with this imag-
ing method. As previously described for stimulants [176, 178, 180–182, 213], the
subjective effects of the drugs are associated with the extent of DA release.

Fowler et al. [214–217] investigated levels of monoamine oxidase (MAO) A and
B in smokers and showed marked and global decreases in both enzymes. MAO A
and B exist in neurons and glial cells and both enzymes degrade DA. MAO B activ-
ity was measured using [11C]L-deprenyl [218]. Smokers were found to have a 42%
decrease in global MAO B activity compared to controls [214, 217]. Interestingly,
a study in former smokers showed that levels of MAO B activity returned to base-
line after smoking cessation [216]. In a later study, this same group demonstrated a
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decrease in MAO A activity in the brains of cigarette smokers using [11C]clorgyline
[215]. In this study smokers had an average reduction of 28% in MAO A activity
across brain regions, with a 22% decrease in the basal ganglia [215]. Decreased
activities of MAO A and B are expected to be associated with increased DA
availability.

Salokongas et al. [219] used [18F]fluorodopa to measure presynaptic DA and
reported higher uptake in the striatum in smokers, a finding which could be
explained by an increase in DOPA decarboxylase activity or a decrease in MAO
activity. A study by Dagher et al. [220] reported a reduction in D1 receptor avail-
ability using [11C]SCH23390 in the striatum. Lastly, Staley et al. [221] investigated
DAT and SERT density in the striatum and midbrain, respectively, in smokers
and healthy controls using [123I]β-CIT. No difference was seen in DAT availabil-
ity between these groups but there was a trend toward an increase in [123I]β-CIT
binding in the midbrain.

Overall, these findings are consistent with the hypothesis of alterations of the DA
system in nicotine smokers, but much work remains to be done to better understand
the potential role of this dysregulation in the maintenance of nicotine addiction.

15.7.4 Alcohol

The DA system has been the most investigated neurochemical system using SPECT
and PET in alcohol research, due to the wealth of preclinical data suggesting a role
for DA in the reward system and clinical data suggesting alterations in DA function
in alcoholic patients.

Acute effects of alcohol on DA release in humans have been studied with
the [11C]raclopride reporting method. Similarly to results reported with nico-
tine, alcohol administration in humans is not associated with major changes in
[11C]raclopride binding, but the pleasurable effects of the drugs are associated with
reduced [11C]raclopride binding [222].

A number of well-controlled and independent studies have consistently demon-
strated a reduction in D2 receptor availability in recently detoxified alcoholics [170,
172, 223, 224], an alteration that does not appear to be reversible following early
sustained abstinence for 4 months [225]. The majority of preclinical data do not
indicate that chronic alcohol exposure affects D2 receptor density [226–230], but
conflicting results have been published suggesting that the effects of chronic alco-
hol on DA receptors might vary according to the dose and duration of exposure
[231–234]. Such differences in duration of exposure, as well as inter-species dif-
ferences in the response of D2 receptors to alcohol, may undermine the relevance
of rodent studies in answering the question of whether decreased D2 receptor bind-
ing potential (BP) measured with PET in chronic alcoholics is a risk factor for,
or an effect of, chronic alcohol intake. Another important question is whether the
alterations in D2 receptor density in recently detoxified alcoholics are transient or
permanent, i.e., if this abnormality persists with a prolonged period of abstinence
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even beyond the initial 4 months of abstinence. Interestingly, recent data suggest
that low D2 receptor availability might be associated with high relapse risk [235].
Studies reporting DAT measurements in chronic alcoholics have failed to detect
consistent alterations of DAT binding in alcoholism [223, 236–239].

Alcoholism is also associated with reduced amphetamine-induced DA release
in the ventral striatum [172]. Together with the evidence of reduced D2 recep-
tor availability, these findings suggest that alcoholism, like cocaine and maybe
other addictions, is associated with a significant decrease in DA transmission at D2
receptors. Interestingly, a recent study [240] in nonalcoholic offspring from fam-
ilies with a positive history of alcohol dependence failed to detect alteration of
DA transmission (D2 receptor availability and amphetamine-induced DA release)
compared to nonalcoholic subjects without a family history of alcohol dependence.
Therefore, one might conclude that these alterations are a consequence rather than
a risk factor of alcoholism. However, it could also be argued that a normal DA
transmission in these subjects might provide protective effects, counterbalancing
other genetically mediated risks. Short of a long-term prospective study, the sta-
tus of these DA alterations as risk factors or consequences of addiction is likely to
remain unsolved. A recent study assessing D2 receptors and amphetamine-induced
dopamine release in family history positive versus family history negative subjects
showed no difference between groups [240].

15.8 Conclusions

This chapter has reviewed key findings from PET and SPECT molecular imaging
of dopaminergic receptors, transporters, enzymes, and the transmitter that have con-
tributed to our understanding of the pathophysiology and treatment of psychiatric
disorders. Since 1986, the year of publication of the seminal paper of Wong et al.
[10] describing the use of PET imaging to detect elevated D2 receptor density in
antipsychotic drug-naïve schizophrenics, this field has undergone a major expan-
sion. So far, it is clear that these techniques have already provided unique insights
into the neurochemical imbalances underlying some of these conditions and the
pharmacological mechanisms involved in their treatment. It is foreseeable that this
contribution will continue to expand in the near future.

Psychiatric conditions are generally characterized by clinical heterogeneity. It
is likely that a number of illnesses with different etiologies and neurobiological
mechanisms are currently subsumed under the same name by our diagnostic clas-
sifications. Despite this, a number of findings have been remarkably consistent and
replicated across studies, suggesting that the clinical commonality underlying our
diagnostic syndromes might be associated with unique and perhaps specific final
common pathophysiological pathways. Furthermore, the examination of the biolog-
ical processes involved in clinical conditions with nuclear medicine techniques also
provides an opportunity for redefining illnesses [241].



15 In Vivo Imaging of Dopamine Receptors 417

For example, one study reported that elevated DA synaptic levels in acute
schizophrenia were predictive of rapid symptomatic response to antipsychotic (i.e.,
antidopaminergic) treatment [24]. A subgroup of patients showed no detectable
abnormality of striatal DA function despite frank psychotic symptoms and failed
to respond to treatment. It is possible that, in these patients, the psychotic state
is not driven by excess DA activity, and that the antidopaminergic treatment fails
because the problem being treated does not exist in these patients. This result
has led to the concept of dopaminergic versus non-dopaminergic driven psychotic
states in schizophrenia [24]. This biological, rather than clinical, classification might
prove to be useful in evaluation of non-dopaminergic antipsychotic pharmacological
strategies.

Another example is the constellation of conditions that have been reliably shown
to be associated with low D2 receptor availability in the striatum. This finding has
been associated with a personality trait (detachment), anxiety disorder (social pho-
bia), and addiction to a variety of substances, including cocaine, heroin, alcohol,
and even food. These conditions are not similar but are frequently overlapping or
comorbid. Therefore, imaging studies might reveal common biological processes
across conditions that were hitherto unsuspected and might help to delineate psy-
chopathological features more directly related to altered biological brain functions
than our current diagnostic classifications.

Despite these successes, a substantial number of studies yielded discordant
results, and it is important to examine potential sources of discrepancies. An impor-
tant drawback of this literature is the generally low number of subjects included in
studies (typically less than 20 per group). In conditions characterized by marked
heterogeneity, such as major depressive disorders, this factor is bound to yield
divergent results across studies. Small samples are obviously due to the cost
of these investigations, but also, in some instances, to the difficulty in recruit-
ing appropriate clinical subjects (such as drug-free patients with schizophrenia).
Another source of discrepancy is the variety of technical approaches to data acqui-
sition and analysis. For example, analytical methods range from “empirical” or
“semi-quantitative” methods (typically a region of interest to a region of refer-
ence ratio measured at one time point) to model-based methods using an arterial
input function. The limitations associated with empirical analytical methods have
been discussed elsewhere [242] and might account for artifactual results, especially
when the effect size of the between-group difference and the number of subjects are
small [243].

In addressing these limitations it will be important to increase the availability
of these techniques beyond a few academic centers, to promote multi-center stud-
ies in well-characterized populations, and to standardize analytical methods. Until
recently, SPECT was the only widely available technique, and SPECT studies have
so far provided a substantial contribution to this field. With the current increase in
PET camera availability, the development of 18F-based molecular imaging probes
will provide unique opportunities for further dissemination of these techniques.

The greatest challenge facing this field is to develop molecular imaging probes
suitable for imaging neurochemical processes beyond neurotransmission itself, to
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examine growth factors or intracellular signaling pathways. A sustained collabora-
tion between industry and academic institutions will be required to expand the study
of brain biomolecular processes beyond our current, and still relatively limited,
arsenal.

In conclusion, the chapter has reviewed seminal findings obtained with PET and
SPECT molecular imaging of DA transmission in psychiatric conditions. These
techniques do not yet play a major role in the diagnosis and treatment of these
disorders, and at present remain essentially as research tools. However, the results
produced by this field so far suggest that PET will significantly contribute to unrav-
eling the biological bases of these conditions and might play an increasing role in
their clinical management. Moreover, it is foreseeable that PET will become more
and more involved in the development of new psychiatric medications. Expanding
the availability of PET and the current radiopharmaceutical portfolio will be critical
for these predictions to become reality.
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Chapter 16
Dopamine Receptors and the Treatment
of Schizophrenia

Nathalie Ginovart and Shitij Kapur

Abstract Schizophrenia is a most disabling psychiatric disorder characterized by
a myriad of symptoms. While the delusions and hallucinations are the most iconic
symptoms of schizophrenia, patients also exhibit negative and cognitive symptoms.
It is thought that these symptoms arise, at least in part, through a cortical–
subcortical imbalance of dopamine function and pharmacological approaches that
reduce dopaminergic neurotransmission through dopamine receptor blockade, and
in particular through the D2 receptor, have antipsychotic action in humans. However,
D2 antagonists are not optimally effective against the full spectrum of schizophrenia
symptoms and induce side effects that limit their use. Research to enhance the ther-
apeutic benefits of antipsychotics while diminishing their side effects has led to the
development of atypical antipsychotics (D2 antagonists with activity at other recep-
tors) and, more recently, a new strategy using dopamine partial agonists to reduce
dopaminergic neurotransmission has proven to be successful. This chapter reviews
the pharmacological effects of typical and atypical antipsychotics on the different
dopamine receptor subtypes, as well as on non-dopaminergic receptor targets, and
on the prominent role of D2 receptor blockade as the primary site of their action in
brain. In addition, we discuss current theories on the mechanisms of antipsychotic
action, including the role of combined action at the dopamine and serotonin recep-
tors, transient dopamine D2 blockade, preferential blockade of limbic D2 receptors,
or combined blockade of D1 and D2 receptors. Some critical clinical considerations
with regard to the speed of onset action and the occurrence of relapse and super-
sensitivity psychosis on withdrawal are discussed with special relevance to their
relationship to the dopamine system. While the D2 receptor-based treatments seem
to have dominated the field till now, drugs that reduce dopamine-mediated trans-
mission through action at presynaptic sites and of drugs providing D1 signaling
augmentation in prefrontal cortex may provide novel therapeutic avenues for the
treatment of schizophrenia.
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16.1 Schizophrenia

Schizophrenia is a chronic disabling disease that afflicts 0.5–0.8% of the world’s
population [1]. Symptoms usually begin in late adolescence or early adulthood and
are typically classified as positive (hallucinations and delusions), negative (amotiva-
tion, flattened affect, and social withdrawal), and cognitive (disorganized thoughts,
deficits in attention, working and verbal memory, social cognition, and executive
function) [2, 3].

The course of schizophrenia is characterized by periods of symptom exacerbation
(i.e., relapse) alternating with periods of relative remission, with a different pattern
of exacerbation/remission episodes between the three psychopathology dimensions
and between different individuals [4, 5]. Such findings have led several researchers
to theorize that positive, negative, and cognitive symptoms reflect separate patho-
physiological processes [6, 7], though that still remains to be proven beyond doubt.
Nonetheless, there is little doubt that schizophrenia is a disorder with strong bio-
logical underpinnings, some of it genetically determined (though the precise genes
have not as yet been confirmed) and the rest influenced by the environment and
interactions.

Not surprisingly then, there are several hypotheses that explain different aspects
of the illness. The major thinking in the field regarding the development of the
illness is that it is a neurodevelopmental disorder. In other words, the biological
determinants of the disorder manifest themselves often years in advance of the car-
dinal symptoms. While neurodevelopmental deficits may lead to the disorder, there
is little doubt that when the disease manifests itself, there is a significant neuro-
chemical aberration. And it is this aspect of the illness, with special attention to the
dopamine receptors, that is the focus of this chapter.

While the major focus of this chapter is the role of dopamine receptors vis-à-
vis treatment, to provide the appropriate background for this we first review the
dominant neurochemical hypotheses regarding schizophrenia. We then explain the
classification of typical vs. atypical antipsychotics and then focus on the different
dopamine receptors and their roles in antipsychotic action.

16.1.1 The Dopamine Hypothesis

The “classical” dopamine (DA) hypothesis of schizophrenia proposed that subcor-
tical hyperactivity of DA transmission in brain is responsible for the positive symp-
toms of the illness [8]. This hypothesis was initially based on several lines of indirect
evidence. First, exposure to DA-enhancing drugs, such as amphetamine, induces
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psychosis in normal individuals and worsens psychotic symptoms in schizophrenia
patients [9]. Second, drugs alleviating psychotic symptoms of schizophrenia were
suspected to act through blockade of central DA receptors. Indeed, in 1963, Carlsson
and Lindqvist [10] reported an increase in DA metabolites following chlorpro-
mazine and haloperidol administration and proposed that this increase was the result
of dopaminergic blockade, resulting in an increased rate of turnover. Further evi-
dence for a central role of a DA dysregulation in schizophrenia came from research
on the mechanism of antipsychotic action. Indeed, all drugs with a proven efficacy
at relieving the positive symptoms of schizophrenia block DA D2 receptors to some
extent. Moreover, there is a tight correlation between the clinical doses of antipsy-
chotic drugs needed to achieve therapeutic efficacy and their potency at blocking D2
receptors [11]. This led to the dominant theory that the abnormal psychotic ideation
observed in schizophrenia is largely due to an abnormally high DA transmission.
Extensive research efforts have been made to determine whether the expression
of DA receptors, and in particular D2 receptors, is altered in schizophrenia. Early
postmortem studies showed increased D2 receptor levels in the striatum of patients
with schizophrenia [12, 13]. However, the finding that antipsychotic drug treatment
increased D2 receptor density in experimental animals [14, 15] raised concerns that
the D2 elevation observed in schizophrenia could be related to prior drug treatment.
In support of this view, some reports showed that D2 receptors were only increased
in patients treated with antipsychotic drugs up until death [16–18]. However, other
postmortem studies in patients who were apparently drug free still showed ele-
vated D2 receptor density [19, 20]. The interpretation of D2 elevation obtained
postmortem thus remained controversial and imaging studies in never-medicated
patients were critical to determine whether or not D2 receptors were increased in
schizophrenia. Initial in vivo brain imaging studies in drug-naïve patients yielded
conflicting results, with some studies showing elevation [21, 22] and others no
change in striatal D2 receptors [23, 24]. Many factors have been proposed to account
for this discrepancy, most of all being related to the chemical class and different
pharmacokinetic properties of the radioligands employed between studies (review in
[25]). Since these initial reports, there have been many other studies in this field and
those generally failed to detect significant increase in striatal D2 receptor in drug-
naïve schizophrenic patients [26–31]. It has been proposed that while there may
not be an absolute change in D2 receptor number in schizophrenia, a shift toward
a greater population in the D2

High state (D2 receptors with functional high affinity
for DA) may explain hyperdopaminergia [32]. However, a recent clinical study to
investigate levels of D2

High found no difference between schizophrenic patients and
controls [33]. In vivo studies of D1 receptors in never-medicated patients showed
unaltered receptor density in striatum [34, 35] but are conflicting with regard to
their density in frontal cortex, with studies showing decreased [36], unaltered [34],
or increased [35] D1 receptor binding in this brain region. Thus far, in vivo study of
D3 receptors has been hampered by the lack of radioligands with sufficient selec-
tivity for D3 over D2 receptors and by the partially overlapping distribution of
these two receptor subtypes in brain. The only study performed in the field was
postmortem and reported elevated striatal density of D3 receptor in drug-free
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patients with schizophrenia [37], a finding that remains to be confirmed in other
studies. As for the D3, in vivo measures of the D4 receptor have not been possi-
ble yet due to the lack of specific radioligand for this receptor subtype. Using an
indirect subtraction binding method, elevated striatal density of D4 receptors has
been reported in schizophrenic patients postmortem [38–40], but this finding was
not replicated in other studies [41–44]. Thus despite extensive efforts over the past
40 years, no convincing evidence has emerged yet that unequivocally points to a
DA receptor abnormality in schizophrenia. In contrast, converging lines of evidence
point to an elevated presynaptic DA function in schizophrenia. An accumulating
body of in vivo imaging studies indicates that schizophrenia is associated with an
increased subcortical capacity of DA synthesis [45–47], an increased DA turnover
[48], and increased subcortical levels of endogenous DA at baseline [49] together
with an increased subcortical release of DA following an amphetamine challenge
[50–53]. Moreover, it seems that some of these DA alterations may confer suscep-
tibility to schizophrenia as increased striatal presynaptic DA synthesis capacity is
correlated to the risk of developing schizophrenia and other psychoses [54]. All
together, these data suggest that psychosis is related, at least in part, to an exces-
sive subcortical DA presynaptic function rather than to abnormalities in the levels
of postsynaptic DA receptors.

Since its first formulation, the DA hypothesis of schizophrenia has been revised
to account for both the positive and the negative symptoms of the disease [55].
Indeed, while administration of amphetamine worsens the positive symptoms of the
illness, it may partly improve negative symptoms [56]. The revised theory proposes
that the positive and negative symptoms of schizophrenia arise from an imbalance
between the brain DA pathways mediating D2 and D1 receptor signaling. A sub-
cortical excess of DA, leading to hyperstimulation of D2 receptors, would give
rise to the positive symptoms, while a concomitant cortical deficit of DA, leading
to hypostimulation of D1 receptors, would give rise to the negative and cognitive
symptoms. There is indeed robust evidence that DA hypofunction and altered D1
receptor signaling within the prefrontal cortex (PFC) play a central role in the
induction of working memory deficits, suggesting that a reduced D1 receptor neuro-
transmission might cause cognitive impairments in schizophrenia (review in [57]).
Interestingly, reduced prefrontal activity has been shown to predict exaggerated
striatal DA function in schizophrenia [58]. Both hypofunctionning and hyperfunc-
tionning DA systems thus likely coexist in schizophrenia, albeit in different brain
regions.

16.1.2 The Glutamate Hypothesis

The second dominant pathophysiological hypothesis of schizophrenia postu-
lates a hypofunctional glutamate system in this disorder and, more specifically,
a decreased neurotransmission at the N-methyl-D-aspartate (NMDA) glutamate
receptor. Glutamate is the major excitatory neurotransmitter in the brain. It acts
on two families of receptors: the metabotropic receptors, which include the mGlu1
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to mGlu8 subtypes, and the ionotropic receptors, which include the kainate, the
AMPA, and the NMDA subtypes. Some mGlu receptors, in particular the mGlu2/3
and mGlu5 subtypes, interact closely with NMDA receptors and may directly mod-
ulate the function of the NMDA receptor channel [59]. The idea of a glutamatergic
abnormality in schizophrenia was first proposed by Kim and colleagues in 1980 [60]
based on their findings of low cerebrospinal fluid (CSF) glutamate levels in patients
with schizophrenia. Moreover, subanesthetic doses of NMDA receptor antagonists,
such as ketamine and phencyclidine (PCP), can produce a spectrum of responses in
normal subjects that partially resemble the positive, negative, and cognitive symp-
toms of schizophrenia [61, 62]. Ketamine and PCP can also precipitate psychoses
in schizophrenic patients [63, 64]. Finally, a number of postmortem studies indi-
cate abnormalities in NMDA receptor expression in the temporal cortex, cingulate
cortex, hippocampus, and thalamus in schizophrenia [65]. Recent in vivo imaging
studies confirmed reduced NMDA receptor binding in hippocampus [66, 67] and
abnormal concentrations of glutamate in hippocampus and PFC of schizophrenic
patients [68–70]. These observations thus give support to the theory that a NMDA
receptor hypofunction might be involved in the pathophysiology of schizophrenia
[71, 72].

16.1.3 Integration of the Dopamine and Glutamate Hypotheses

There is substantial evidence of reciprocal interactions between the DA and the glu-
tamatergic systems. The acute administration of NMDA antagonists such as PCP
and ketamine has consistently been reported to increase the firing rate of midbrain
DA neurons [73–76] and to selectively increase DA release in PFC and in nucleus
accumbens [76–79]. Subchronic administration of NMDA antagonists also leads to
a profound dysregulation of the mesocorticolimbic DA system. Specifically, meso-
cortical DA neurons which largely project to the PFC show a profound loss of burst
firing with decreased DA release, whereas mesolimbic DA neurons, which mainly
project to the ventral striatum, show an increased firing with increased DA release
[80, 81]. One mechanism to account for the subcortical DA hyperfunction proposes
that the corticostriatal glutamate pathway may indirectly (via γ-aminobutyric acid
[GABA]) inhibit DA function in the ventral striatum [82]. Therefore, protracted
NMDA receptor hypofunction can produce the cortical DA hypoactivity and limbic
DA hyperactivity postulated in schizophrenia and associated with the negative and
positive symptoms, respectively.

16.2 Classification of Antipsychotic Drugs

16.2.1 Typical Antipsychotics

Antipsychotic medications are the cornerstone treatments for reducing psychotic
symptoms and relapse rates in schizophrenia. The first antipsychotic drug used for
schizophrenia, chlorpromazine, was introduced in 1952 [83] and, in the late 1950s,
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several other antipsychotics were subsequently introduced, including haloperidol,
thioridazine, trifluoperazine, and loxapine. These first-generation antipsychotics,
termed typical antipsychotics, are effective against the positive symptoms but have
limited efficacy and may even exacerbate the negative and cognitive symptoms of
schizophrenia. Moreover, some 30% of patients with schizophrenia show little or
no response of their positive symptoms to typical antipsychotic therapy [84, 85].
Besides this, typical drugs are associated with a wide spectrum of side effects,
including sedation, acute extrapyramidal symptoms (EPS), hyperprolactinemia and,
although rarely, the neuromalignant syndrome. Acute EPS are dose-dependent and
manifest as dystonia, akathisia, and pseudoparkinsonism [86]. The most worrisome
form of EPS, tardive dyskinesia (TD), develops on long-term utilization with an
incidence of about 5% a year and can be irreversible [3]. These side effects are
often severe and disabling and are a leading cause of patient noncompliance [87,
88] which, in turn, leads to relapse [89]. Efforts to minimize EPS have revealed that
lowering the dose indeed decreases side effects and still achieves therapeutic effi-
cacy in many patients with schizophrenia [90, 91]. However, lower doses also carry
additional risk of relapse as the doses required for efficacy are only slightly lower
than the doses that cause side effects [92, 93]. Despite their clear benefits for the
treatment of schizophrenia, the limited tolerability and narrow therapeutic index of
typical antipsychotic drugs pointed out the need for better treatment options.

16.2.2 Atypical Antipsychotics

Research to enhance the therapeutic benefits of antipsychotics while diminishing
their side effects has led to the development of a new class of antipsychotic agents,
the atypical antipsychotics. Clozapine was introduced in Europe in 1975 and marked
a turning point in schizophrenia therapy. Clozapine appeared to be effective with a
minimal incidence of EPS, thus challenging the dogma that antipsychotic efficacy
required high levels of EPS (review in [94]). Interestingly, this drug demonstrated
benefits in cases of patients refractory to typical antipsychotics and was found to
be somewhat more effective against the negative and cognitive symptoms [95].
However, its use is limited because of major side effects including potentially lethal
agranulocytosis [96]. It was not until the late 1980s that a second atypical drug,
amisulpride, was introduced. The following decade saw the introduction of a multi-
plicity of new drugs, including olanzapine, risperidone, sertindole, and quetiapine,
with ziprasidone and aripiprazole following in the early 2000s.

Although atypical drugs improve positive symptoms with a similar efficacy
[97–99], they differ from typical ones by their lower incidence of EPS and TD
[100–102] and with the exception of risperidone and amisulpride have only tran-
sient effect on serum prolactin levels [103, 104]. These reduced side effects result in
better tolerance and may enhance compliance [3, 97] and decrease relapse rates [89,
105, 106] when compared with high-dose typical drugs. Atypical drugs are, how-
ever, associated with other distressing non-EPS side effects which may limit their
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use in clinical settings. Those include sedation, weight gain, and severe metabolic
disturbances [107, 108].

Rather than their efficacy against the positive symptoms, it is thus their side
effect profile and efficacy against the negative and cognitive symptoms that are gen-
erally considered to differentiate typical and atypical antipsychotics. Such a clear
dichotomy between the two classes of drugs may not be as absolute as originally
thought. For instance, while clozapine and quetiapine do not produce significant
EPS, risperidone, olanzapine, and ziprasidone can produce them when used at
higher therapeutic doses [109, 110]. Similarly, recent studies comparing atypical
drugs to low doses of typical antipsychotics showed clinical benefits on negative and
cognitive symptoms for typical drugs, although perhaps not as pronounced as that
found after treatment with atypical drugs [111–114]. It has therefore been suggested
that the superior motor side effect profile of atypicals is largely owing to excessive
dosing of the typical drug used as comparator as well as to their wide therapeutic
index [91, 115]. Clearly though, the newer atypical agents have emerged as a good
long-term treatment option because of their wide therapeutic index and improved
control of motor side effects.

16.3 Neuropharmacology of Antipsychotics

Antipsychotic drugs have a multitude of effects on various physiological variables
through their actions on different neurotransmitter systems. Antipsychotics interact
mainly at four neurotransmitter receptor systems in brain: the DA type 1 (D1 and
D5) and type 2 receptor (D2, D3, and D4) families, serotonin receptors (5HT1A,
5HT2A, 5HT2c), muscarinic cholinergic receptors (m1 and m2), and α-adrenergic
receptors (α1 and α2).

There have been a number of hypotheses on the mechanisms underlying antipsy-
chotic atypicality. Most of the hypotheses postulate that the different side effect
profile of typical and atypical drugs mainly results from differences in their receptor-
binding profile. Indeed, while typical neuroleptics are usually preferential for
D2-like receptors, atypical neuroleptics usually bind to a larger spectrum of receptor
types (Table 16.1). For instance clozapine exerts its action through D2 receptors but
also through D1, serotonin, muscarinic, and adrenergic receptors and this multire-
ceptor action has been proposed to be the main determinant for atypicality. However,
if this concept of multireceptor action stands for clozapine, it does not for other
atypical drugs such as amisulpride, which is a highly selective D2-like blocker with
no other receptor interaction. Moreover, chlorpromazine displays affinity for D2
like but also for serotonin and adrenergic receptor subtypes and still is a typical
agent with high EPS liability. D2 receptor affinity seems to be the only common
denominator among all the presently available antipsychotics. Action at this recep-
tor thus appears the most relevant marker for understanding some key actions of
these drugs in humans. As developed in the following paragraphs, the weight of the
evidence indicates that DA receptor blockade is essential to clinical antipsychotic
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Table 16.1 In vitro receptor-binding profile (KI values, nM) of various typical and atypical
antipsychotic drugs

CPZ HDL CZ AMS RIS OLZ QUE ZIP ARI

D1
D2
D3
D4∗
D5
5-HT1A
5-HT2A∗
5-HT2C∗
α1∗
α2∗
m1Ach
m2Ach

112
2
5
24
133
3,115
3.2
26
2.6c

na
47
433

83
2
12
15
147
1,202
73
>10,000
7.3b

1,600b

>10,000
>10,000

189
431
646
39
235
105
13
29
3.7b

51b

14
14

>1,000 a

2.8 a

3.2 a

>1,000 a

na
>10,000a

2,000a

>10,000a

na
1,600a

na
na

60.6
4.9
12.2
18.6
16
427
0.19
94.9
0.7b

1.8b

>10,000
>10,000

58
72
63
19
90
2,063
3
24
7.3b

140b

79
24

712
567
483
1,202
1,738
431
366
1,500
4.5b

1,100b

858
1,339

30
4.0
17
105
152
76
2.8
68
1.9b

390∗b

>10,000
>10,000

387
0.95
4.5
514
1,676
5.6
4.6
181
na
na
6,776
3,507

Data represent mean KI values obtained from the National Institute of Mental Health’s
Psychoactive Drug Screening Program (PSPD) KI database except where indicated. PSPD KI
values are for cloned human or cloned rat (as indicated by ∗) receptors. PSPD-binding assays
were performed using [3H]SCH23390 for the D1- and D5-receptors, [3H]NMSP for D2-, D3-, and
D4-receptors, [3H]-8-OH-DPAT for the 5HT1A-receptor, [3H]ketanserin for the 5HT2A-receptor,
[3H]Mesulergine for the 5HT2C-receptor, and [3H]QNB for the muscarinic acetylcholine m1 and
m2 receptors.

AMS: amisulpride; ARI: aripiprazole; CPZ: chlorpromazine; CZ: clozapine; HDL: haloperidol;
OLZ: olanzapine; QUE: quetiapine; RIS: risperidone; ZIP: ziprasidone;
na = not available
a adapted from [331].
b adapted from [378].
c adapted from [379].

activity, especially for controlling hallucinations and delusions, while interaction
with serotonin receptors may rather be involved in alleviation of EPS.

16.4 Dopamine Receptors Involved in Antipsychotic Drug Action

DA exerts its pharmacological action through multiple membrane-spanning pro-
teins of the G protein-coupled receptor (GPCR) superfamily. These may be divided
into two subfamilies of receptor subtypes based on their structures, their linkage to
adenylate cyclase, and their pharmacological properties: the D1-like (D1, D5) and
the D2-like receptor subtypes (D2, D3, D4).

D1 receptors are positively coupled to adenylate cyclase. They are mainly located
postsynaptically on the primary dopaminergic projections of the ventral tegmental
area (VTA) and substantia nigra (SN) such as the nucleus accumbens (NAcc), cor-
tex, and striatum. In addition, D1 receptors have also been detected in amygdala,
globus pallidus, and hippocampal formation [116]. The D5 receptors are poorly
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expressed in the human brain when compared to D1 receptors and are mainly local-
ized in the SN pars compacta, hypothalamus, striatum, cerebral cortex, NAcc, and
olfactory tubercle [117]. D2 receptors are located both presynaptically and postsy-
naptically. Their expression largely overlaps with D1 receptor expression in DA-rich
regions such as the striatum, NAcc, SN, and VTA [116]. D3 receptors are expressed
in high levels in limbic brain regions such as the NAcc, the ventral putamen, and the
Islands of Calleja but also to some extent in the striatum, SN, and thalamus [118].
D4 receptors are located mainly in cortical regions (temporal, entorhinal, cingulate)
and hippocampus with low-density levels being found in the caudate/putamen [119].

16.4.1 Role of D2 Receptor Blockade

Antipsychotic drugs have a multitude of effects on various physiological vari-
ables through their antagonistic actions on different neurotransmitter systems. The
antipsychotic effects of these agents are believed to occur primarily through antago-
nism of D2-type DA receptors. Historically, blockade of D2 receptors was believed
to be indispensable for the treatment of psychosis, although the efficacy of weak D2
blockers such as clozapine called this theory into question. The major therapeutic
as well as adverse effects of D2 antagonism have been conceptualized in the context
of the major DA tracts in brain, which include the mesocortical, mesolimbic (A10),
nigrostriatal (A9), and tuberoinfundibular (A12) tracts. Although the effects of D2
blockade on the mesocortical and mesolimbic systems are believed to represent the
putative mechanism of action of antipsychotics, excessive blocking of these tracts is
also believed to result in their adverse cognitive and behavioral side effects.

16.4.1.1 In Vitro Evidence for an Antipsychotic Action at the D2 Receptors

A central role of DA receptor blockade in the mechanism of action of antipsy-
chotics was first anticipated by Carlsson and Lindqvist [10] and later studies of
the neuropharmacology of antipsychotics revealed their specifically high affinity
for dopamine D2 receptors and provided strong support for the dopamine hypothe-
sis of schizophrenia [120]. The antipsychotic potency of a compound was found to
be directly related to its D2 receptor affinity. That is, a highly significant correlation
exists between the dissociation constant of the D2 receptor–antipsychotic complex
and the average clinically effective dosage [121]. No such correlation exists between
dosage and dissociation constant for the D1, D3, or D4 receptors [122].

16.4.1.2 Preclinical Evidence for an Antipsychotic Action at the D2 Receptors

A number of animal models have been used to explore antipsychotic action and to
investigate the mechanisms underlying the differences between the actions of typical
and atypical drugs. Some models are used to predict antipsychotic efficacy (i.e., inhi-
bition of amphetamine-induced hyperactivity, disruption of conditioned avoidance
responding, and induction of c-fos expression in the shell region of the NAcc), while
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others are used to predict their motor side effect liability (i.e., induction of catalepsy,
blockade of apomorphine-induced sniffing, and induction of c-fos expression in the
dorsolateral striatum).

Antipsychotic Effect on Indirect DA Agonist-Induced Behavior

Reversal of amphetamine-induced hyperactivity in rodents is one classical ani-
mal model used to screen antipsychotic drugs. Indirect DA agonists such as
amphetamine or methylphenidate induce a strong increase in locomotor activity
when injected into rodents. There is evidence that this increased locomotor activity
is due to an increased DAergic activity in the mesolimbic system, mainly within the
NAcc [123]. For instance, rats with lesion of this structure do not show hyperactiv-
ity after amphetamine administration [124]. While lacking in face validity, blockade
of amphetamine-induced hyperactivity is considered as one of the better preclinical
predictors of antipsychotic activity. Accordingly, both typical and atypical antipsy-
chotic drugs reduce the hyperactivity produced by amphetamine and this effect has
been linked to D2 receptor blockade [125]. Here again, the potency of antipsychotics
to antagonize amphetamine-induced hyperlocomotion correlated with their affinity
at D2 receptors [126]. The similar action of typical and atypical antipsychotics in
the amphetamine model is consistent with their similar blockade of D2 receptors
and their similar antipsychotic effect in schizophrenia patients.

Antipsychotic Effect on Direct DA Agonist-Induced Behaviors

In addition to characterize antipsychotic action on the effects of indirect DA ago-
nists, another classical model consists of studying antipsychotic action on the
behavioral effects of direct DA agonists. The most studied compound in this regard
is the mixed D1/D2 receptor agonist, apomorphine, which binds directly to each
DA receptor subtype. When administered to rodents, apomorphine induces climb-
ing behavior (i.e., the mice climb on the wire lids of their cages for extended periods
of time) as well as stereotyped sniffing. The climbing behavior produced by apo-
morphine is believed to be mediated by excessive DA activity in the mesolimbic
pathway, while the stereotyped sniffing is believed to reflect excessive DA activity
in the nigrostriatal pathway. Reversal of apomorphine-induced climbing is predic-
tive of efficacy against the positive symptoms of psychosis [127], while reversal of
sniffing is predictive of EPS liability ([128]; see also [129] for review). As with
the amphetamine model, both typical and atypical antipsychotics such as clozap-
ine, olanzapine, and risperidone are very effective in these models [130], largely to
the extent that they block the DA D2 receptors. Indeed, a correlation analysis based
on affinities at rat striatal D2 sites has shown that the ability of antipsychotics to
inhibit apomorphine-induced climbing and sniffing correlated positively with their
affinity at D2 receptors [131]. Typical antipsychotics though tend to be equipotent
at reducing both apomorphine-induced climbing and sniffing, whereas most atypi-
cal drugs block apomorphine-induced climbing at doses lower than those blocking



16 Dopamine Receptors and the Treatment of Schizophrenia 441

apomorphine-induced sniffing (see [129] for review). These models thus demon-
strate in vivo antagonist activity of all antipsychotics at D2 receptors and suggest
that a lower D2 action of atypical drugs in the nigrostriatal system may explain their
lower propensity to cause EPS when compared to typical.

Antipsychotic Effect on Conditioned Avoidance Response

Conditioned avoidance response (CAR) is an important preclinical animal model
in the study of antipsychotic drugs [132]. In this paradigm, rats are placed in a
two-compartment shuttle box and are trained to avoid an aversive stimulus on pre-
sentation of a neutral stimulus that immediately precedes it. All antipsychotics
produce a dose-dependent suppression of the avoidance response to the neutral
stimulus while the incidence of escapes to the aversive stimulus itself is relatively
unaffected, indicating that the effects of antipsychotic on CAR are not due to gen-
eral sedative effects. In fact, suppression of CAR represents a behavioral effect that
is shared by all effective antipsychotics, including the novel compound aripipra-
zole [133], and potencies in the CAR test have been found to be highly predictive
of therapeutic efficacy in schizophrenia [134, 135]. Since the CAR does not help
to distinguish between typical and atypical drugs, it suggests that both classes of
compounds exert their antipsychotic action through a common mechanism. From a
neurochemical perspective, a number of receptor systems have been implicated in
the CAR model, including DA D1, adrenergic, glutaminergic, muscarinic, and sero-
tonergic receptors. However, it has been suggested that the ability of antipsychotics
to selectively suppress CAR is due to their ability to block DA D2 neurotrans-
mission in the mesolimbic system [136]. Indeed, local application of the DA D2
receptor antagonist (–)sulpiride into the shell portion of the NAcc, but not into the
dorsolateral striatum, suppresses CAR [136]. Furthermore, a direct dose-dependent
relationship has been established between the blockade of D2 receptors and the dis-
ruption of CAR [126, 137, 138], indicating that D2 receptor blockade is an important
mechanism of antipsychotic action.

Antipsychotic Effect on Catalepsy

The catalepsy test is a common and widely used preclinical screening test for the
propensity of an antipsychotic drug to induce EPS in humans [139]. Antipsychotics
such as haloperidol and risperidone, which have a dose-dependent propensity to
induce EPS in humans, dose-dependently induce catalepsy in animals. In con-
trast, atypical drugs such as clozapine and aripiprazole, which do not produce
EPS in humans do not produce catalepsy in animals [133, 140]. The cataleptic
behavior seems primarily to involve D2 antagonism in the DA nigrostriatal path-
way that mediate extrapyramidal motor function and a direct relationship has been
established between the blockade of striatal D2 receptors and catalepsy [137].

Both cataleptic potential and blocking of CAR in animals are often used in com-
bination for predicting antipsychotic action in humans. By studying the dose effects
of a given antipsychotic on catalepsy (which is related to striatal function) and CAR
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(which is related to limbic function), it is possible to differentiate typical and atypi-
cal antipsychotic drugs. Indeed, whereas typical antipsychotics tend to be equipotent
at inducing catalepsy and at blocking CAR, most atypical drugs are more potent at
blocking CAR than at producing catalepsy [141]. Presumably drugs that are more
active against limbic function than striatal function will have antipsychotic activity
at doses that will not produce motor side effects [128].

Antipsychotic Effect on c-fos Expression

Immediate early genes, such as c-fos, have proven to be useful markers of changes
in neuronal activity, and c-fos immunohistochemistry has been used to examine the
effects of antipsychotic drugs in the brain [142–146]. These studies have shown
that typical and atypical antipsychotic drugs differentially affect c-fos expression
in various regions of the brain. Haloperidol induces c-fos expression in the NAcc,
the lateral septum, and the dorsolateral striatum, whereas clozapine increases c-fos
expression in the NAcc, the lateral septal nucleus, and the medial PFC. Although
both typical and atypical antipsychotics increase c-Fos expression in the NAcc, they
have different effects within the two subdivisions of the nucleus: the shell, which is
allied with limbic circuits, and the core, which is allied with the extrapyramidal sys-
tem. Typical drugs increase c-fos in both the shell and the core of the NAcc, whereas
atypical drugs increase c-fos in the shell but not in the core. This regional specificity
of antipsychotic-mediated c-Fos expression is thought to reflect different patterns
of neuronal activation and consequently differences in the clinical profile between
typical and atypical drugs. Since all antipsychotics act on the shell of the NAcc
and improve positive symptoms, the shell of the NAcc is probably associated with
improvement of positive symptoms. C-fos expression in the dorsolateral striatum
is associated with motor side effects, and low or no c-fos production in this region
is predictive of a low potential for producing EPS. The exact mechanism underly-
ing antipsychotic drug-induced c-fos expression is unclear but a number of findings
support the view that it is the direct result of D2 blockade. Indeed, the administra-
tion of a D2 receptor agonist prevents the induction of c-fos by haloperidol in the
dorsal striatum [147] and indirect DA agonists such as cocaine and d-amphetamine
decrease antipsychotic-induced striatal c-fos expression [148, 149].

16.4.1.3 Clinical Evidence for an Antipsychotic Action at the D2 Receptors

The last decades of research have produced unquestionable evidence for the cen-
tral role of DA neurotransmission in the pathogenesis of schizophrenia and the
mechanism of action of antipsychotic drugs. All currently available antipsychotics
are antagonists at the DA D2 receptor and the primary mechanism through which
they achieve their therapeutic effect is through a blockade of these receptors in the
mesolimbic DA system. Unfortunately, a concurrent blockade of the D2 receptor in
the nigrostriatal pathway can produce extrapyramidal symptoms (EPS), while D2
receptor blockage in the tuberoinfundibular tract results in hyperprolactinemia. In
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an effort to minimize EPS, positron emission tomography (PET) studies have inves-
tigated the doses of antipsychotic used to treat schizophrenics and their relations to
side effects and therapeutic efficacy. A number of PET imaging studies in patients
with schizophrenia showed that typical antipsychotics are most likely to be effec-
tive in a therapeutic window in which 65–78% of D2 receptors are blocked [150].
Occupancies below 65% are usually associated with a lack of antipsychotic effect,
whereas occupancies above 78% are associated with EPS [151]. On the basis of
these findings, an optimal window for D2 receptor occupancy between 65 and 78%
has been suggested. D2 occupancy is thus thought to be the central determinant
for the therapeutic efficacy and propensity to cause EPS and prolactin elevation of
antipsychotic medication.

However, the efficacy of weak D2 blockers such as clozapine and quetiapine
called this theory into question. Indeed, a key difference between typical and these
two atypical antipsychotics is that the two latter drugs achieve robust antipsychotic
activity at doses producing D2 receptor occupancy that are clearly lower than those
produced by typical agents. For example, treatment with clozapine and quetiapine
induced D2 receptor occupancies in the 20–68% and 20–64% range, respectively,
whereas treatment with typical drugs such as haloperidol led to D2 receptor occu-
pancies that are rather in the 70–90% range [109, 152–156]. These low levels of
striatal D2 receptor blockade have been proposed as a condition for what was
referred as to atypicality, that is, low incidence of EPS and TD. However, some
recent evidence weakens this theory. First, some atypical drugs such as sulpiride
and amisulpride do not induce EPS or TD despite inducing D2 occupancies higher
than 80% [152, 153, 157]. These studies thus argue against the view that modest
D2 antagonism alone is a valid explanation for the low incidence of EPS and TD
associated with atypical drugs. Second, as observed with typical drugs, D2 antago-
nism can predict therapeutic efficacy and incidence of EPS even for atypical drugs.
Indeed, remoxipride, olanzapine, and risperidone induce D2 receptor occupancies
that range from modest (50–60%) to high (80–90%) depending on the dose used, but
therapeutic efficacy is achieved only at doses which exceed the 65% D2 occupancy
level [109, 152, 158–161]. When higher doses are used and D2 occupancy crosses
the 80% level, “atypicality” is sometimes lost, leading to EPS and hyperprolactine-
mia [162, 163]. In summary, the primary mechanism through which both typical
and atypical antipsychotics achieve their therapeutic effect is through a blockade of
D2 receptors.

16.4.2 Role of D2 Receptor Partial Agonism

Differences in regional DA function and observations of DA agonists’ therapeutic
effects in schizophrenia [164] led to the development of D2 partial agonists as a new
class of atypical antipsychotic agents. DA D2 partial agonists have high affinity for
D2 receptors but reduced intrinsic activity when compared to the naturally occur-
ring full agonist ligand DA, that is, they will produce less D2 receptor activation
than DA. As a consequence, D2 partial agonists can act as agonists or antagonists
depending on the local concentration of endogenous DA: in the presence of high
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DA levels, partial agonists will act as antagonists by blocking DA access to the D2
receptor, whereas they will act as agonists in the presence of low DA levels [165]. In
theory, this means that partial DA agonists could alleviate the positive and negative
symptoms of schizophrenia by counteracting DA transmission in hyperdopamin-
ergic mesolimbic regions and by enhancing it in hypodopaminergic mesocortical
regions. Partial DA agonists are therefore thought to stabilize dopaminergic tone in
schizophrenia and are thereby often referred as to “dopamine stabilizers.” On the
other hand, a low intrinsic activity at the D2 receptors prevents complete blockade
of D2 activity in the striatum and would confer a low propensity to cause EPS and
prolactin elevation.

Dopamine D2 autoreceptors may also be involved in the therapeutic action of
partial agonists in schizophrenia. D2 autoreceptors are localized on the presynaptic
aspect of DA neurons and exert a negative feedback on DA release and/or synthe-
sis. A dysregulated control of DA release/synthesis by these autoreceptors could
contribute to the postulated imbalance of cortical and subcortical DA neurotrans-
mission in schizophrenia. For instance, a reduced activity of the D2 autoreceptors
could lead to an increased DA release and thus contribute to the subcortical DA
hyperactivity postulated in this disorder. Hence, D2 partial agonists with high affin-
ity for the presynaptic autoreceptors are particularly valuable antipsychotics as they
can reduce DA synthesis and release through an agonist action at the presynap-
tic autoreceptors and block the response to DA through an antagonist action at the
postsynaptic receptors.

Several D2 partial agonists have been evaluated in schizophrenia. Preclamol,
also known as (–)-3-(3-hydroxyphenyl)-N-n-propylpiperidine or (–)-3PPP, is a
D2-like partial agonist with high selectivity for the autoreceptor [166, 167]. A
placebo-controlled trial indicated that preclamol improved both the positive and the
negative symptoms of schizophrenia with no occurrence of motor side effects [168].
However, tolerance occurred over the course of a week, presumably because of a
D2 autoreceptor desensitization, and thus limited its usefulness for the treatment of
schizophrenia. Other DA partial agonists that have undergone trials in schizophrenia
include talipexole (B-HT 920), roxindole (EMD 49980), terguride, and SDZ-HDC
912. Despite their favorable preclinical profile, these compounds were not suc-
cessful antipsychotic agents as they either failed to improve positive symptoms
[169–171] or were associated with significant motor side effects [172]. Differences
in clinical effects of these partial agonists may be due to their differential intrinsic
activity at D2 receptors [165].

The first successful D2 partial agonist to come into practice is aripiprazole (see
[173, 174] for review). Aripiprazole has high affinity for the D2 receptor and behaves
both as a potent D2 autoreceptor agonist and as a postsynaptic D2 antagonist [175].
It also exhibits high affinity and partial agonism at the D3 and serotonin 5HT1A
receptors and antagonism at the serotonin 5HT2A receptors. In animal models,
aripiprazole inhibits amphetamine-induced locomotion, CAR, and apomorphine-
induced stereotypy without causing catalepsy and produces an increased expression
of c-fos in the shell of the NAcc but not in the striatum [130, 133, 176]. Thus,
aripiprazole has preclinical and receptor-binding profiles that predict therapeutic
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efficacy with a low risk of side effects. Concordant with this, aripiprazole is active
against both the positive and the negative symptoms of schizophrenia, has a low
propensity for EPS, and produces no elevation in serum prolactin levels [177, 178].
At clinically effective doses (10–30 mg/day), aripiprazole occupies 85–95% of the
striatal D2 receptors but still has a low incidence of EPS [179, 180]. The threshold
for aripiprazole antipsychotic response thus appears to be higher than the 65% con-
ventional threshold observed for D2 antagonists, and EPS appear to be uncommon
even at occupancies that exceed the extrapyramidal side effects threshold of 78%
[180]. Aripiprazole thus does not conform to the conventional relationship between
D2 receptor occupancy and occurrence of motor side effects. Based on the magni-
tude of the upward shift of this relationship, the intrinsic activity of aripiprazole has
been estimated to be approximately 25% [180]. Such a small intrinsic activity lim-
its excessive DA stimulation and D2 receptor blockade and preserves dopaminergic
function in presynaptic and postsynaptic neurons, thereby conferring aripiprazole its
favorable clinical profile. Interestingly, the principle active metabolite of clozapine,
N-desmethylclozapine (NDMC), was recently identified as a partial agonist at D2
receptors [181], and higher ratios of NDMC to clozapine levels in plasma have been
found to predict better improvements in clinical response [182]. The unique clinical
profiles of aripiprazole and clozapine, which are both distinguished even from other
atypical antipsychotics by their much lower propensity to induce EPS and TD, sug-
gest that partial agonism at D2 receptors is a desirable feature of an antipsychotic
drug.

16.4.3 Role of D1 Receptor Blockade

In the search for new leads for the development of novel antipsychotic drugs
with atypical properties, D1 receptor antagonists have been thought as particularly
promising. Indeed, D1 antagonists have often met criteria for antipsychotic poten-
tial and low EPS liability in both rodents and nonhuman primates. For instance, the
potent and selective D1 antagonist SCH39166 inhibits apomorphine-induced climb-
ing at lower doses than it inhibits apomorphine-induced sniffing in mice, it inhibits
CAR response in both rat and squirrel monkey, but it does not cause catalepsy or
increase plasma prolactin levels [183]. The relatively high affinity of clozapine for
D1 receptors as compared to D2 receptors points to the same direction and has been
regarded as a potential reason for its unique clinical profile (high antipsychotic effi-
cacy with low EPS). At therapeutic dose, clozapine produces stronger blockade of
D1 receptors as compared to typical antipsychotics (40–60% vs. 0–40%) and lower
blockade of D2 receptors (maximum 50% blockade vs. 70–80%) [152, 184, 185],
thus providing support to the view that D1 antagonism might be a potential ground
to atypicality. However, several findings do not support a role for D1 receptor
as a primary target of antipsychotic action. First, and opposed to the predictions
from animal models, efforts to improve psychosis with selective D1 antagonists
have failed [186–188]. Second, therapeutic doses of various typical and atypical
drugs occupy low or negligible levels of D1 receptors. For instance, drugs such
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as haloperidol, sulpiride, perphenazine, and even quetiapine, despite being effec-
tive antipsychotic agents, occupy less than 10% of the D1 receptors [152, 184,
189]. These data thus suggest that D1 antagonism by itself does not significantly
contribute to the therapeutic effect of antipsychotics.

However, the D1 receptor may be an important target for improving cognitive
function in schizophrenia. Indeed, DA neurotransmission in the PFC strongly modu-
lates working memory performance. Microiontophoretic applications of DA into the
PFC facilitate whereas 6-hydroxydopamine PFC lesions disrupt working memory
processes in primates [190–193]. This beneficial effect of DA on working memory
processes appeared to be primarily mediated by D1 receptors as it was mimicked
by local injection of D1 agonists, while local injection of D1, but not D2 antag-
onists, disrupts working memory in primates [194–196]. Interestingly, long-term
treatment with a typical antipsychotic induced working memory deficits in nonhu-
man primates that can be reversed by brief treatment with a D1 full agonist [197].
D1 receptors are thus critically important in working memory function. It seems,
however, that an optimal level of D1 receptor “tone” in the PFC is required for ade-
quate working memory performance. If DA levels are low, increasing D1 receptor
stimulation is beneficial for improving working memory while if DA levels are high,
D1 receptor activation could have the exact opposite effects (i.e., disrupting instead
of improving working memory) [198, 199]. D1 receptor activation thus follows an
inverted “U”-shape function regarding performance on working memory, with too
much or too little D1 agonist stimulation both disrupting performance [200].

Considering the central role of D1 receptors in memory function, the cogni-
tive deficits observed in schizophrenia have long been thought to relate, at least
in part, to a reduced D1 signaling in the PFC. PET studies have, however, produced
conflicting findings in this regards, with studies showing decreased [36], unaltered
[34], or increased [35] D1 receptor binding in the PFC of unmedicated patients as
compared to control subjects. Despite this, D1 receptor agonism, when combined
with D2 antagonism, should be of importance in the clinical efficacy of an atypi-
cal antipsychotic drug. The favorable profile of clozapine on cognitive functioning
in schizophrenia is of particular interest. Clozapine indeed shows D1 agonist prop-
erties in some animal models [201–203]. When combined with D2 blockade, D1
agonism rather than D1 antagonism thus seems a promising option for the treatment
of schizophrenia.

16.4.4 Role of D3 Receptor Blockade

The D3 receptor shares a high degree of homology with the D2 receptor subtype
and both are negatively coupled to adenylate cyclase. In contrast to D2 receptors,
which are prominently localized in projection areas of the motor nigrostriatal DA
system (e.g., dorsolateral striatum), the D3 receptor is preferentially localized in
projection areas of the mesocorticolimbic dopaminergic system (e.g., NAcc, ventral
putamen, PFC). This preferential localization of D3 receptors in limbic vs. motor
regions of the brain has sparked great interest in the D3 receptor as a potential
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target of antipsychotic action. Antipsychotic drugs generally have similar affini-
ties for D2 and D3 receptors (Table 16.1). However, the relative contribution of
D3 vs. D2 antagonism to antipsychotic efficacy is difficult to establish in humans
due to the lack of selective D3 compounds and to the partially overlapping dis-
tribution of D2 and D3 receptors. Preclinical studies have produced mixed results
regarding the potential antipsychotic activity of D3 antagonism. When administered
repeatedly to rodents, SB-277011-A, a high affinity and highly selective D3 antag-
onist [204], has been shown to selectively decrease the number of spontaneously
active DA neurons in VTA [205]. This electrophysiological model is postulated to
predict antipsychotic activity as both typical and atypical agents such as haloperi-
dol and clozapine alter the activity of midbrain DA neurons, whereas drugs with
no antipsychotic activity do not have such an effect [206, 207]. According to this
model, selective D3 receptor blockade using SB-277011-A is thus predicted to be
associated with antipsychotic efficacy. On the other hand, this compound was found
to be ineffective for blocking the amphetamine-induced hyperlocomotion, another
putative animal model for antipsychotic activity [204]. Clinical trials of selective
D3 receptor antagonists in humans have not been reported yet and are needed to
better understand the significance of D3 receptors as targets for the treatment of
schizophrenia.

16.4.5 Role of D4 Receptor Blockade

The observation that clozapine has a high affinity for D4 receptors as compared to
D2 receptors has sparked enormous interest in the D4 receptor as a potential tar-
get for the treatment of schizophrenia [208]. This interest was further strengthened
by postmortem studies showing elevated densities of D4 receptors in the striatum
of schizophrenic patients [38–40], although this finding has not been consistently
confirmed [41–44]. However, D4 receptor blockade does not appear essential for
mediating antipsychotic action or for conferring low EPS liability. Indeed, several
atypical drugs (e.g., amisulpride, quetiapine, aripiprazole) have very little D4 recep-
tor blocking activity, and several typical (e.g., chlorpromazine, haloperidol) and
some atypical drugs (i.e., olanzapine, clozapine, risperidone) have high D4 affinities
(Table 16.1; see also [209]). Finally, clinical trials with two D4 selective antag-
onists, L745870 [210, 211] and sonepiprazole [212], have failed to demonstrate
antipsychotic efficacy.

16.5 Considerations Critical for Understanding Receptor
Involvement in Antipsychotic Action

16.5.1 Speed of Onset and Implications for Mechanism

It has long been held that onset of antipsychotic effect on psychotic symptoms is
delayed by 2–3 weeks after initiation of treatment. One widely accepted hypothesis
for this delayed onset of action is that of depolarization block [213]. According to
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that hypothesis, the acute blockade of D2 receptors initially leads to an increased
firing of ventral tegmental DA neurons. However, over successive administrations
this subsides, and after 2–3 weeks of chronic treatment antipsychotics ultimately
produce a reversible cessation of firing of midbrain DA neurons, known as depolar-
ization block. The delayed onset of antipsychotic action is thus thought to correlate
with the delayed induction of depolarization blockade of mesolimbic DA neurons
[206, 207]. Another hypothesis postulates that antipsychotic-induced changes in the
synthesis or degradation of critical “effector” protein synthesis could also explain
the delayed onset of antipsychotic action [214]. Although the molecular mechanism
underlying the delayed improvement of psychotic symptoms is unclear, the idea of
a “delayed onset” of antipsychotic action is at odds with the immediate effect of
antipsychotics on D2 receptor blockade, which occurs within the first few hours of
antipsychotic treatment [215, 216]. This dissociation between early D2 blockade
and delayed therapeutic gain thus speaks against a central role of D2 blockade in
the mechanism of action of antipsychotic drugs. However, an emerging body of evi-
dence suggests that antipsychotics have an earlier onset of efficacy than previously
thought. In 2003, Agid et al. [217, 218] conducted a meta-analysis of 42 double-
blind, comparator-controlled studies (>7000 patients) of patients treated with the
common typical (haloperidol, chlorpromazine) and atypical (risperidone and olan-
zapine) antipsychotics. Without significant difference across antipsychotics, they
found – contrary to expectations under the delayed onset hypothesis – that psy-
chosis improved within the very first week of treatment. In fact, a larger reduction
of symptoms occurs during the first 2 weeks than during the second 2 weeks of treat-
ment. This observation of early onset of symptom response has subsequently been
extended to other agents, including quetiapine [219, 220] and amisulpride [221].
Interestingly, early trials with ziprasidone [222] and aripiprazole [223] also showed
detectable onset of effects on positive symptom scores within the first 2 weeks
of treatment. In a double-blind placebo-controlled study comparing intramuscular
olanzapine to intramuscular haloperidol in patients experiencing a psychotic exacer-
bation, Kapur et al. [224] reported that onset of therapeutic response occurred within
the first 24 h. Abi-Dargham [49] also observed rapid improvement (i.e., within
72 h) in psychotic symptoms upon DA depletion with a-methyl-para-tyrosine. These
observations thus support a direct role for DA in the mediation of psychosis and fur-
ther indicate that the mechanism of antipsychotic action may be more proximally
related to the blockade of D2 receptors than originally thought.

16.5.2 Relapse on Withdrawal and Supersensitivity

Withdrawal or decreased dosing of long-term antipsychotic treatment can induce
relapse of the psychotic symptoms in some schizophrenic patients. This effect,
usually called supersensitivity psychosis or rebound psychosis, has been observed
after withdrawal from antipsychotic drugs such as quetiapine [225], clozapine [226,
227], olanzapine [228], haloperidol [229], chlorpromazine [230], and fluphenazine
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enanthate [231, 232]. As supersensitivity psychosis can be accompanied by the
development or worsening of latent TD [231, 232], both clinical manifestations
are thought to arise from a DAergic supersensitivity. Supports for this hypothe-
sis come from behavioral experiments in rodents showing that withdrawal from
chronic antipsychotic treatment results in an increased responsiveness to direct or
indirect DA agonists, such as apomorphine [233–238], amphetamine [239–241],
and DA injected into the striatum [242]. There is evidence that postsynaptic pro-
cesses contribute to this antipsychotic-induced behavioral supersensitivity. Indeed,
chronic treatment with typical drugs such as haloperidol and chlorpromazine as well
as atypical drugs such as remoxipride, olanzapine, and risperidone has been con-
sistently shown to increase D2 receptor density in the dorsal striatum and NAcc
[243–249]. This finding led to the proposal that long-term treatment with antipsy-
chotic drugs in humans could lead to a compensatory D2 receptor upregulation,
causing receptor supersensitivity and resulting in the onset of TD and supersensitiv-
ity psychosis upon withdrawal [232, 250–252]. More specifically, the development
of TD is thought to reflect an increased density of D2 receptors in the striatum
leading to a functional supersensitivity of the nigrostriatal system, whereas receptor
supersensitivity occurring in mesolimbic system would result in the development
of supersensitivity psychosis [14, 250, 251, 253, 254]. It is noteworthy that besides
the D2 receptor supersensitivity hypothesis, other hypotheses have been proposed
to explain TD. These include a deficiency of the GABA neurotransmitter system
or excitotoxic neuronal damages induced by dopamine release, glutamate release,
or oxidative stress [255–257]. Yet, depleting DA brain levels with tetrabenazine or
reserpine constitute a most effective treatment for TD [258–260], thus indicating an
important role for excessive DA signaling, likely supersensitive DA D2 system, in
the pathophysiology of TD.

Although D2 receptor upregulation seems to be a central mechanism in mediat-
ing the long-term, and potentially irreversible, consequences of chronic exposure to
most antipsychotic drugs, several lines of evidence suggest that DA supersensitivity
and D2 receptor upregulation can be dissociated. Indeed, the two atypical antipsy-
chotics most often associated with supersensitivity psychosis are quetiapine and
clozapine [225–227]. Both drugs also induce a supersensitive psychomotor response
to DA agonists in animals [238, 261] but still, they do not induce striatal D2 receptor
upregulation [249, 262, 263]. This lack of striatal D2 receptor upregulation has been
proposed to underlie the low propensity of clozapine to induce TD in humans [264].
Therefore, increase in D2 receptor density is not sufficient to explain DA super-
sensitivity. However, a lack of D2 upregulation does not necessarily preclude the
involvement of D2 receptor mechanisms in the DA supersensitized state seen upon
clozapine and quetiapine withdrawal. For instance, alterations at the level of G pro-
teins that couple D2 receptors to adenylyl cyclase can also result in an increased D2
signaling and supersensitivity despite the lack of D2 upregulation [265–267]. Such
a mechanism may be involved in the DA supersensitivity seen after clozapine and
quetiapine as both drugs induce elevation in D2

High (D2 receptors with functional
high affinity for DA) despite the absence of any elevation in total D2 receptors [32].
Interestingly, a functional coupling of D2 receptors with G proteins also appears
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to be involved in the action of atypical drugs, as indicated by a larger proportion
of D2

High [32, 268], an increased efficacy of DA to stimulate [35S]GTPγS bind-
ing [233], and an increased activity of the D2 receptor–Gi protein system after
repeated haloperidol administrations [266, 269–271]. Moreover, as observed with
clozapine and quetiapine, withdrawal from low doses of typical antipsychotics also
reveals a dissociation between increased DA-mediated behavior and D2 upregula-
tion [272, 273]. For instance, Samaha et al. [273] recently showed that chronic low
doses of haloperidol enhanced amphetamine-induced locomotion with no increase
in D2 densities and only higher doses lead to concomitant D2 upregulation. Low
doses of haloperidol though increased D2

High, indicating that elevation in D2
High

rather than elevation in the total population of D2 sites best predicted behavioral
DA supersensitivity. Thus, there may be two types of D2 receptor-mediated super-
sensitivity: one associated with increased D2

High and leading to supersensitivity
psychosis and the other associated with increased D2 density and leading to TD.
Relatively low levels of D2 blockade induced by either weak D2 antagonists or low
doses of potent D2 antagonists may lead to an increased population of functionally
coupled D2 receptors (i.e., D2

High) and this may be sufficient to induce DA super-
sensitivity. On the other hand, stronger D2 blockade induced by typical drugs or by
high doses of atypical drugs would further result in D2 upregulation, which would
in turn lead to TD.

16.5.3 Antagonist vs. Inverse Agonist

It is generally assumed that antipsychotic drugs are acting as antagonists at the D2
receptor. In recent years, this picture of antipsychotic action has been modified
to include inverse agonism. Inverse agonism at D2-like receptors was first noted
for haloperidol, which increased prolactin production and cyclic AMP formation
in pituitary cell lines [274]. Subsequently, several other antipsychotic drugs were
identified as D2 inverse agonists using a variety of techniques [275–277]. In fact,
with the exception of aripiprazole, all antipsychotics tested so far are inverse ago-
nists at the D2 receptor, independently of their typical or atypical profile [181, 278].
D2 inverse agonist activity thus appears to be a common feature of antipsychotic
drugs although different antipsychotics exhibit different degrees of inverse agonism,
ranging from high (e.g., haloperidol, pimozide) to very low inverse agonist activity
(e.g., quetiapine) [181]. From a mechanistic perspective, the way D2 inverse ago-
nists work is not clearly established. Based on the ternary complex model of G
protein-coupled receptor action [279], it has been proposed that D2 receptors may
exist in an inactive state, which can isomerize to a partially active state that can
ultimately couple to G proteins to form a fully active state of the receptor [280].
The fully active state of the receptor is believed to give rise to constitutive activity,
leading to a tonic inhibition of adenylate cyclase even in the absence of DA. Inverse
agonists would reduce this basal spontaneous D2 receptor activity by stabilizing the
uncoupled forms to the detriment of the coupled, fully active, form of the receptor
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[281]. Although intrinsic constitutive D2 receptor activity and D2 inverse agonism
properties of antipsychotic drugs have been demonstrated in vitro, it is still unclear
whether this has any relevance in vivo. Inverse agonism will be relevant to the effects
of antipsychotics only if there is a spontaneous agonist-independent activity of the
D2 receptors in vivo. If there is no such spontaneous activity, then an inverse agonist
will be indistinguishable from an antagonist.

16.5.4 Fast Dissociation and Transient Occupancy of D2 Receptors

In contrast to the multireceptor hypothesis, which postulates that the atypical fea-
tures of antipsychotics are conferred by binding to receptors other than D2, another
theory postulates that atypicality can be produced by appropriate modulation of the
D2 receptor alone. Indeed, Kapur and collaborators [150, 282, 283] have proposed
that the lower liability of atypical vs. typical drugs to induce EPS is related to their
fast dissociation from D2 receptors. Typical antipsychotics bind tightly to and dis-
sociate slowly from D2 receptors, whereas atypical drugs bind more loosely and
dissociate fast from the receptors [284]. As a consequence, atypical drugs may block
the receptors but be more responsive to phasic surges of DA transmission and hence
may normalize transmission, rather than suppress it. In addition to molecular con-
siderations (of fast or slow dissociation) is also the systemic issue of occupancy
kinetics. In vivo PET studies have shown that typical drugs such as haloperidol give
rise to sustained high levels of D2 receptor blockade through the day [215], while
certain atypical drugs such as quetiapine give rise to only transiently high levels of
D2 receptor blockade (up to 64% at 2 h; 0% at 12–14 h) with no incidence of EPS
and prolactin elevation [156, 285]. Transient D2 blockade may thus be sufficient
to induce antipsychotic response while minimizing the risks of EPS and hyperpro-
lactinemia. It is thus predicted that a low affinity and fast dissociation from D2
receptors, along with administration of the drug in doses that lead to appropriate
levels of D2 blockade, are the most important requirements for atypicality [282].
A transient duration of action may also explain the lack of D2 receptor upregula-
tion reported following treatment with atypical drugs such as clozapine, loxapine,
or thioridazine in rats [249, 263, 286–289] and the low propensity of atypical drugs
to induce TD in humans [264]. Indeed, recent studies indicate that the pattern of D2
occupancy kinetics achieved by chronic haloperidol has an important influence on
D2 upregulation and on the development of vacuous chewing movements (VCMs),
an animal model for TD. While continuously high levels (>70–80% for 24 h/day)
of D2 receptor blockade produced by continuous infusion of haloperidol lead to a
robust upregulation of striatal D2 receptors and to an increased risk for the devel-
opment of VCMs in experimental animals, transiently high levels (>80% for a few
hours/day) of D2 receptor blockade produced by daily bolus injections of the same
drug did not produce any of these effects [290, 291]. Thus, converging evidence
suggests that the pharmacokinetics of D2 receptor blockade during chronic treat-
ment with haloperidol is an important determinant for the induction of D2 receptor
upregulation and for the development of VCMs, and potentially TD. The reason
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why transiently high D2 receptor blockade resulted in no receptor alteration is not
clear. However, it can be postulated that blocking receptors only transiently during
the day would preserve some access of endogenous DA to the receptors and that
this pulsatory agonist stimulation could be sufficient to prevent a compensatory D2
receptor upregulation.

16.5.5 Preferential Limbic D2 Receptor Blockade

Another theory to account for atypicality is the preferential action of antipsychotics
with low EPS liability on the limbic DA system. Several lines of evidence indi-
cate that, in contrast to typical antipsychotics, atypical antipsychotics selectively
target the mesolimbic DA system, while leaving the nigrostriatal system relatively
unaffected. For instance, while the acute administration of haloperidol increases the
number of spontaneously active DA neurons in both the SN and VTA, clozapine
and olanzapine selectively increase the number of firing cells in the VTA only [207,
292, 293]. Consistent with these electrophysiological data, atypical drugs have been
shown to preferentially increase DA output in the NAcc as compared to the stria-
tum, whereas the opposite was observed after acute administration of haloperidol
[294]. This regional specificity (often called limbic selectivity) of atypical agents is
also observed on chronic treatment as drugs such as clozapine, quetiapine, olanzap-
ine, and sertindole produce depolarization inactivation of VTA DA neurons, sparing
those in the SN, whereas haloperidol inactivates DA neurons in both the SN and
the VTA [206, 207, 292, 293, 295, 296]. Consequently, in those animal models,
atypical antipsychotics can be differentiated from typical drugs on the basis of their
preferential effect on DA transmission in limbic regions. Some evidence indicates
that such a limbic selectivity may also exist in clinical settings. Indeed, in vivo
receptor imaging studies have shown that, at clinically useful doses, several atypical
antipsychotics including clozapine, olanzapine, quetiapine, risperidone, and sertin-
dole demonstrate preferential blockade of D2 receptors in limbic cortical regions
than in striatum [297–301]. These studies suggest that preferential blockade of cor-
tical and/or limbic D2 receptors may be sufficient to mediate the therapeutic efficacy
and low extrapyramidal symptom profile of atypical antipsychotic drugs. However,
other studies report similar levels of striatal and cortical D2 receptor blockade with
atypical drugs [302–305]. The reason for this discrepancy between groups reporting
similar striatal–extrastriatal occupancy and those showing much higher extrastriatal
occupancy is not entirely clear and may be related to methodological differences
between studies. However, the concept of limbic selectivity as a possible mecha-
nism of atypical action is called into question. This is further emphasized by recent
data showing that striatal rather than extrastriatal D2 receptor blockade is predictive
of improvement in positive symptoms as well as occurrence of motor side effects
associated with antipsychotic treatment [305]. Clearly, more clinical investigations
are needed to determine the exact role of limbic D2 receptors in the treatment of
schizophrenia.
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16.6 Other Receptors Involved in Antipsychotic Drug Action

16.6.1 Role of 5HT2A Receptor Blockade and 5HT1A Receptor
Activation

The therapeutic efficacy of atypical drugs such as clozapine prompted researchers to
examine how their actions on various neurotransmitter receptors differ from those
of typical antipsychotics. In this respect, serotonin (5-HT) receptors have received
particular attention in the treatment of schizophrenia as several antipsychotic drugs
exhibit high affinities for these receptors, especially for the 5-HT2A, 5-HT2C, and
5-HT1A receptor subtypes (Table 16.1).

The finding that clozapine is a potent 5-HT2A receptor antagonist has generated
great interest in the potential role of these receptors in antipsychotic drug actions. As
a matter of fact, most currently approved atypical antipsychotic drugs are relatively
potent 5-HT2A antagonists (Table 16.1). Moreover, subchronic treatment with cloza-
pine but not haloperidol decreased 5-HT2A mRNA and the density of [3H]ketanserin
binding in frontal cortex, Nacc, and striatum [306–308], suggesting that modula-
tion of 5-HT2A receptor levels may be important in atypical action. Several lines
of evidence indicate that 5-HT2A antagonism per se does not confer antipsychotic
effects. First, MDL 100,907, a compound largely lacking D2 antagonism but which
is a potent 5-HT2A antagonist, while showing promising antipsychotic properties in
preclinical studies, was not found to be as effective as haloperidol in the treatment of
schizophrenia [309]. Similarly, fananserin, a potent 5-HT2A/D4 antagonist lacking
D2 antagonism, does not show antipsychotic activity [310]. Second, amisulpride
does not occupy any 5-HT2A receptors in humans even when used at high doses
but still is a highly effective atypical antipsychotic [311]. Third, 5-HT2A receptor
blockade is not necessary for, nor does it alter, the D2 receptor occupancy required
for clinical effectiveness [150]. Indeed, PET studies have consistently showed that,
at clinically relevant doses, atypical agents such as risperidone and olanzapine have
higher occupancy of 5-HT2A than D2 receptors [158, 303, 312–314]. However, these
drugs become effective only at doses which cross the conventional 65% level of D2
occupancy. Doses below this D2 occupancy threshold, although saturating 5-HT2A
receptors, are not therapeutic [312]. Thus, a minimal level of D2 receptor blockade
is a necessary condition for an antipsychotic drug to be effective independent of any
action on the 5-HT2A receptor.

Although 5-HT2A antagonism does not seem to constitute a primary mecha-
nism for antipsychotic action, it has been suggested that a high affinity for 5-HT2A
receptors combined with a relatively lower affinity at the D2 receptors, produc-
ing a high 5-HT2A/D2 affinities ratio, is critical for conferring atypical activity
[315]. Current hypotheses suggest that serotonin 5HT2A receptor mechanisms may
improve cognitive function and negative symptoms and limit EPS by increasing DA
release [316, 317]. Serotonin 5-HT2A receptors are indeed uniquely positioned to
modulate central DA transmission. These receptors are expressed on midbrain DA
neurons of the VTA [318] as well as on cortical and pallidal afferents in the dorsal
striatum [319]. They are also abundant in the frontal cortex where they are localized
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postsynaptically on pyramidal neurons [320, 321] and, albeit to a smaller extent,
presynaptically on DA terminals [322]. Atypical antipsychotics have been reported
to preferentially increase DA efflux in the mPFC compared with the NAcc in rats
[323–325]. This action is due, in part, to blockade of cortical 5-HT2A receptors
combined with weaker blockade of D2 receptors, since it can be mimicked by
the combination of potent 5-HT2A antagonism and weak blockade of D2 receptors
[326–328] whereas it does not occur with the selective 5-HT2A antagonist MDL
100,907 [329]. The 5-HT2A/D2 model [316, 317] suggests that by blocking presy-
naptic 5-HT2A receptors in the DA mesocortical and nigrostriatal pathways, atypical
antipsychotics locally increase DA release. This effect would lessen the action of the
drugs at D2 receptors, thereby improving cognitive deficits and/or negative symp-
toms and decreasing the incidence of EPS. In contrast, with the sparse distribution
of 5-HT2A receptors in NAcc, D2 blockade would still prevail in the DA mesolimbic
pathways, thus preserving antipsychotic activity of these drugs. Thus, the differen-
tial distribution of D2 and 5HT2A receptors may explain why atypical antipsychotic
drugs exert opposite action on DA transmission in cortical and limbic brain regions.

While an anti-5HT2A effect of atypical drugs may contribute to their ability to
improve cognitive function and/or negative symptoms, it is unclear whether such
a mechanism is necessary for their lower EPS propensity. Indeed, atypical drugs
such as remoxipride [330] and amisulpiride [311, 331] have negligible affinities for
5-HT2A receptors and still do not induce EPS at clinical dose. The reverse situation
is encountered with some typical drugs, such as chlorpromazine and loxapine, which
produce high 5-HT2A occupancies [311, 332] but still induce EPS at clinical dose.

Although research on the role of serotonergic mechanisms in antipsychotic drug
action has mainly focused on 5HT2A receptors, 5HT2c, 5HT1A, 5HT6, and 5HT7
receptors may also be of some significance [316]. For instance, another mechanism
that has been proposed to modulate the DA system and prevent or reduce the motor
effects of D2 blockade is 5HT1A receptor agonism. Serotonin 5HT1A receptor ago-
nism, in combination with D2 receptor antagonism, facilitates DA release in PFC
and NAcc but not in striatum [333] and attenuates the EPS-like side effects of D2
blockade [334, 335]. Recent observations indicate that the increase in DA output
produced by atypical antipsychotics such as clozapine, ziprasidone, and aripipra-
zole in the PFC is dependent on the activation of 5-HT1A receptors as it is partly or
totally antagonized by the 5-HT1A receptor antagonist WAY-100635 [324, 336–338]
and by the genetic deletion of 5-HT1A receptors [339]. Given the central role of pre-
frontal DA in cognitive function, the increase in PFC DA release may underlie the
superior effects of clozapine and other atypical antipsychotic drugs on the nega-
tive and cognitive symptoms by normalizing a putative cortical hypodopaminergic
transmission.

16.6.2 Role of Drugs Acting on the Glutamate System

The NMDA receptor hypofunction hypothesis of schizophrenia has provided a the-
oretical framework for investigating the effects of drugs acting on the glutamatergic
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system in schizophrenia. Examples of new “glutamate-based” agents are agonists
of the glycine recognition site of the NMDA receptor (e.g., glycine, D-serine,
D-cycloserine), glycine reuptake inhibitors, glutamate release inhibitors (e.g., LY-
354740 and lamotrigine), AMPA agonists and antagonists (e.g., LY-293558 and
GYKI 52466), ampakines (e.g., CX-516), and mGlu receptor agonists (for review,
see [340]). A recent meta-analysis [341] of randomized double-blind trials indi-
cated that D-cycloserine seemed to be ineffective in treating schizophrenia whereas
glycine and D-serine appeared to be effective in reducing negative symptoms
of schizophrenia when added to ongoing antipsychotic treatment. The beneficial
effects of glycine and D-serine on cognitive impairment were less robust and null
on the positive symptoms. In the case of glutamate release inhibitors, evidence
is not robust regarding the efficacy of lamotrigine for reducing the symptoms of
schizophrenia, with some studies showing a beneficial effect and others being
equivocal [342–344]. The use of the ampakine allosteric modulator CX-516 was
also disappointing as it showed no clear beneficial effects as monotherapy [345],
although it was found to be effective when added to clozapine, olanzapine, or risperi-
done [346]. Until recently, the usefulness of glutamatergic agents thus appeared
somewhat limited for the treatment of schizophrenia. However, in a recent random-
ized, double-blind, parallel fixed-dose study, Patil et al. [347] reported a significant
improvement of the positive and negative symptoms of schizophrenia following a
4-week treatment with the mGlu2/3 agonist LY2140023. If replicated, this finding is
potentially important as LY2140023, and mGlu2/3 agonists in general, might be the
first class of antipsychotic not acting through the D2 receptor. However, given the
functional interactions between the glutamatergic and the DA systems, their effects
might still be ultimately mediated through the DA system.

16.6.3 Role of CB1 Receptor Blockade

Another approach to the development of antipsychotic drugs has been to eval-
uate compounds acting through the brain cannabinoid-1 (CB1) receptor as a
dysregulation of the endogenous cannabinoid system has been proposed to under-
lie some of the symptoms of schizophrenia [348]. Support for this hypothe-
sis comes from studies showing that cannabinoids can lead to acute psychotic
episodes in some individuals [349] and can produce short-term exacerbation
or recurrences of pre-existing psychotic symptoms [350, 351]. Moreover, an
overactivity of the endocannabinoid system has been revealed in schizophrenia
by studies showing increased levels of endogenous cannabinoids in the cere-
brospinal fluid [352] as well as increased brain densities of CB1 receptors in
schizophrenia patients [353, 354]. Finally, there is substantial evidence showing
that agonist stimulation of CB1 receptors increases DA neuron firing in the VTA
and SN [355, 356] and, as a consequence, increases extracellular DA levels in
their projection areas [357–361]. These observations have suggested that CB1
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receptor antagonists may have antipsychotic properties. However, a clinical trial
with the selective CB1 receptor antagonist, SR141716 (rimonabant), showed no
antipsychotic efficacy [362].

16.6.4 Role of α1 and α2 Adrenergic Receptor Blockade

The α1 and α2 adrenergic receptors received much attention when it was found
that clozapine binds with higher affinity to these receptors than to the D2 recep-
tor [363]. In fact, many antipsychotics, whether typical or atypical, are relatively
strong antagonists at the α1 and/or α2 adrenergic receptors. Although α1 adrenergic
antagonism per se does not confer antipsychotic activity [364], it may still be of
some importance in the mechanism of action of antipsychotic drugs. Svesson [365]
has suggested that α1 adrenergic blockade by antipsychotics may contribute to sup-
press positive symptoms of schizophrenia by inhibiting striatal hyperdopaminergia,
whereas α2 adrenergic blockade may be involved in relief of negative and cognitive
symptoms by enhancing DA function in cortex. This hypothesis is consistent with
studies showing that blockade of α1 adrenergic receptors with prazosin blocks the
hyperactivity and midbrain DA release induced by the NMDA antagonists MK-801
and PCP [366, 367]. Similarly, it blocks the acute locomotor effects of amphetamine
and reduces the behavioral sensitization induced by repeated injections of the drug
[368, 369]. Moreover, raclopride-induced activation of VTA DA neurons has been
found to be suppressed by prazosin [370], suggesting a modulatory effect of α1
adrenergic receptors on mesolimbic DA transmission. A number of studies also indi-
cate that α2 adrenergic antagonism may be relevant to atypicality. Alpha2 blockers
have been shown to increase DA levels in the rat PFC [371, 372] and to improve
cognitive functioning in aged rats [373] and in patients with frontal dementias
[374]. Co-medication with the α2 adrenergic antagonist idazoxan has been found
to enhance the antipsychotic efficacy of the atypical drug fluphenazine in treatment-
resistant schizophrenic patients, comparing favorably with clozapine [375]. Recent
experimental findings also indicate that α2 blockade enhances the efficacy of both
typical and atypical antipsychotic drugs as it enhances the suppression of CAR
seen with haloperidol and olanzapine in rodents and reverses haloperidol-induced
catalepsy [372]. All together, α1 and α2 antagonist properties of antipsychotic drugs
may improve their efficacy and contribute to the reduction of their motor side effects.

16.6.5 Role of NK3 Receptor Blockade

Neurokinin 3 (NK3) receptors have recently become of interest with regard to the
treatment of schizophrenia as those receptors play a key role in the regulation
of midbrain DA function [376, 377]. Indeed, agonist-induced stimulation of NK3
receptors has been shown to activate DA neurons in the ventral mesencephalon and
to enhance DA release in NAcc, dorsal striatal, and PFC. These effects, which can be
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prevented by selective NK3 receptor blockade, have motivated the development of
NK3 receptor antagonists as potential new antipsychotic drugs. The NK3 antagonist
SR142801 (onasetant) has been evaluated in schizophrenia but showed a relatively
modest antipsychotic efficacy that was intermediate between placebo and haloperi-
dol [362] and since the future development of this line of compounds has been
stopped, there may be limited information on this issue in the near future.

16.7 Conclusion and Future directions

Thus, over half a century after the discovery of the compound that revolutionized
the treatment of schizophrenia, we are still tied to the same basic principle – block-
ade of the dopamine D2 receptors. The intervening 50 years of science have added
remarkably to our understanding of how the drugs work – the differentiation and
localization of D2 receptors, the visualization in humans, the identification of an
occupancy–outcome relationship, and the introduction of compounds with more
complex pharmacologies. Yet, the fundamental principle has remained unchanged –
D2 blockade remains necessary and sufficient for good antipsychotic activity.

Yet, there remain several unsolved questions and several future directions.
Clozapine still remains uniquely effective in patients in whom standard typical and
atypical antipsychotics do not work. The mechanism of this superior efficacy is not
known. Deciphering it may provide a lead to a potentially very useful new mech-
anism in schizophrenia. Most of the current drugs are dopamine D2 blockers; yet,
no pathology in the dopamine D2 receptors has been conclusively identified even
after nearly a dozen such studies. The definitive abnormality of the DA system in
schizophrenia lies presynaptically. This opens up a new therapeutic option. Rather
than just blocking the aftereffects of inappropriately released DA, the field could
focus on factors that could modulate the presynaptic release of DA. Finally, the
focus on dopamine D2 receptors draws away from the critical role of D1 receptors
in the cortex and their potential relationship with cognition and negative symptoms.
A plausible hope remains that enhancing D1 transmission in the prefrontal cortex
may lead to superior symptomatic improvement in domains untouched by current
drugs. The next decade will tell whether the DA system has delivered all it can for
the treatment of schizophrenia or whether there are further opportunities to harness
it for the benefit of our patients.
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Chapter 17
Dopamine Receptor Subtypes in Reward
and Relapse

David W. Self

Abstract With the advent of subtype-selective ligands and dopamine receptor
knockout mice, the last two decades have seen an explosion in research on the
role of dopamine receptor subtypes in reward and relapse to drug-seeking behav-
ior. This chapter represents a relatively comprehensive review of this literature,
beginning with the ability of D1-like and D2-like receptor agonists to support self-
administration behavior and produce conditioned preference, and followed by the
modulation of natural reward, brain stimulation reward, and conditioned reward with
subtype-selective ligands and dopamine receptor knockout mice. Subsequent sec-
tions describe the modulation of drug and alcohol self-administration by dopamine
receptor subtypes, and role of dopamine receptor subtypes in relapse to drug and
alcohol seeking in animal models. Finally, down-regulation in dopamine receptors
following chronic drug self-administration is discussed in reference to differential
changes in dopamine receptor-mediated behavior, suggesting that better integration
between biological and behavioral data is needed in future studies.

Keywords D1 · D2 · D1-like · D2-like · D3 · D4 · D5 · Reinforcement ·
Reinstatement · Cocaine · Amphetamine · Heroin · Nicotine · Alcohol

17.1 Introduction

Dopamine involvement in natural and drug reward is well established, but the role of
specific dopamine receptor subtypes in reward processes remains a topic of inten-
sive investigation. The most common approach to investigate dopamine receptor
function in reward employs pharmacological ligands with relatively good selectiv-
ity for D1-like and D2-like receptor classes, although their potential actions at other
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neurotransmitter receptors (e.g., serotonergic or noradrenergic) are often neglected.
Unfortunately, there have been far fewer studies targeting specific D1-like (D1 and
D5) or D2-like (D2, D3 and D4) receptor subtypes due to a lack of selective ligands,
and promising candidates that exhibit good selectivity under artificial conditions in
vitro are notorious for their lack of selectivity in vivo with further scrutiny. The
ability to differentiate between related dopamine receptor subtypes is even more
difficult when they play similar roles in behavior, but enhanced when related sub-
types mediate different behavioral effects. Another potential caveat is that opposing
behavioral effects are often mediated by pre- and post-synaptic receptors in the
mesolimbic dopamine system, leading to biphasic dose–effect curves for behav-
ioral responses. Given these considerations, recent advances in antagonist selectivity
profiles, especially in differentiating the effects of D2 and D3 receptor blockade,
have yielded compelling evidence for distinct receptor subtype actions in reward
and reward-seeking behavior.

Genetic deletion generally is more definitive for assessing dopamine receptor
involvement in natural and drug reward, although developmental compensation
must be considered especially when negative results are found. Another impor-
tant consideration is that behavioral responses in mice can differ substantially from
rats and primates, a caveat highlighted by uniformly inhibitory effects of D2-like
agonists on psychomotor behavior in mice over a wide dose range [1]. Dopamine
receptor knockout mice can be used to demonstrate definitive selectivity of novel
and putative subtype-selective ligands in vivo, most notably when their behavioral
effects are completely attenuated with the deletion of a specific dopamine recep-
tor subtype. However, the interpretation of behavioral changes that result from
brain-wide receptor deletion can be complicated by competing effects of dopamine
receptors in different brain regions on neural circuits regulating natural and drug
reward. The recent advent of inducible and localized genetic deletion strategies in
mice is a powerful approach that circumvents problems relating to developmental
compensation, and provides anatomically discrete loss of specific dopamine recep-
tor subtypes, but this approach has yet to be applied to studies on natural and drug
reward. Conversely, transgenic approaches to investigate gain of dopamine receptor
function have not been widely used due to the need to limit expression to cells that
naturally express the dopamine receptor subtypes. Recent advances in D1 and D2
promoter-driven transgenics will be pivotal to modulate dopamine receptor function
in the appropriate cell types in future studies.

Using anatomically discrete microinfusion of dopaminergic ligands, studies have
found that dopamine receptors play different roles in mediating or modulating
reward processes in different brain regions. For example, dopamine receptors in
ventral striatal regions mediate primary rewarding effects. Thus, transient dopamine
receptor activation in these regions is sufficient to support self-administration behav-
ior when receptor activation is a consequence of the behavior. In contrast, dopamine
receptors in neocortical or amygdala regions can modulate reward evaluation,
choice, or the formation of conditioned environmental (Pavlovian) associations that
acquire their own rewarding properties secondary to the role of dopamine recep-
tors in primary reward. These regional effects, in turn, are determined by dopamine
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receptor localization on specific neuronal subpopulations such as interneurons or
projection neurons, and differential coupling to G protein signaling pathways, fur-
ther illustrating the complexities of delineating the mechanism of dopamine receptor
subtypes in reward.

In addition to reward, dopamine receptors play a prominent role in eliciting
appetitive or approach behavior, a phenomenon distinguishable from reward itself
by the fact that behavioral responses follow rather than precede dopamine recep-
tor stimulation. The seminal work of Schultz and colleagues [2, 3] found that
environmental predictors of reward availability activate midbrain dopamine neu-
rons, and other studies have shown that dopamine release in forebrain regions is
sufficient to elicit appetitive behavior directed at obtaining reward. This behavior
often is referred to as reward-seeking behavior, and is widely studied in animal
models of drug and alcohol addiction to simulate craving and relapse in humans.
Thus, dopamine receptors mediate two crucial aspects of addictive behavior: (1)
they mediate primary reward when stimulated consequential to self-administration
behavior and (2) they elicit reward-seeking behavior during periods of forced
abstinence.

This chapter reviews the role of dopamine receptor subtypes in reward and
reward-seeking behavior. Initial sections review earlier work establishing that
dopamine receptor agonists serve as primary rewards in self-administration stud-
ies. Other studies that use dopamine receptor agonists to induce a conditioned place
preference are described; a more commonly used but indirect measure of drug
reward. Subsequent sections discuss the role of dopamine receptor subtypes in natu-
ral reward, brain stimulation reward, conditioned reward, and self-administration of
abused drugs and alcohol. In each section, intracranial studies that elucidate regional
sites of dopamine receptor action and genetic deletion of specific receptor subtypes
are reviewed where available with an emphasis on differential roles for D1-like and
D2-like receptors. In later sections, the role of dopamine receptor subtypes in relapse
to drug- and alcohol-seeking behavior is discussed. In a final section, alterations in
dopamine receptors produced by chronic drug self-administration are highlighted
together with discrepant changes in dopamine receptor-mediated behavior, suggest-
ing the need for better integrative models of biological and behavioral change in
drug addiction. Clearly, dopamine receptors play a role in several other aspects of
reward-related behavior that are beyond the scope of this chapter.

17.2 Dopamine Receptor Subtypes that Mediate Primary
Reward

The fact that selective and directly acting dopamine receptor agonists will support
self-administration behavior indicates that dopamine receptors mediate a primary
rewarding stimulus. The earliest study supporting this notion found that drug-naïve
female rats will learn to perform a novel lever-press response to receive intra-
venous injections of the direct dopamine receptor agonist apomorphine, and will
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maintain stable dose-dependent responding for several weeks after acquisition [4].
Apomorphine self-administration is abolished by pretreatment with the dopamine
receptor antagonist pimozide. A subsequent study found that depletion of endoge-
nous brain catecholamines with alpha-methylparatyrosine treatment has no effect on
apomorphine self-administration, but attenuates self-administration of the indirect
agonist amphetamine [5]. These early studies clearly established a role for dopamine
receptor stimulation in mediating primary reward and are often overlooked in more
modern theoretical formulations of dopamine receptor function in reward-related
behavior. Thus, in addition to serving as a primary reward, various other func-
tions ascribed to dopamine include signaling reward prediction error [6], increasing
incentive salience or wanting [7], enhancing the impact of conditioned environ-
mental stimuli on instrumental responding [8], and reducing psychological effort
requirements to obtain rewards [9]. These and other attributes suggest a complex
multi-functional role for dopamine in reward processing and execution of instru-
mental behavior, but they do not belie the fact that dopamine receptor stimulation is
in itself sufficient to mediate primary rewarding events.

17.2.1 Self-Administration of D1-Like and D2-Like Receptor
Agonists

In addition to apomorphine, animals will self-administer intravenous injections of
agonists selective for either D1-like or D2-like receptors. Early studies with the
prototypical but partial D1-like receptor agonist found that intravenous infusions of
SKF 38393 fail to support self-administration behavior [10]. Subsequent studies
found that higher efficacy D1-like agonists such as SKF 82958 and SKF 81297
will support self-administration in rats, mice, and monkeys, and even in drug-
naïve animals (Fig. 17.1a) [11–16]. Similarly, several studies found that D2-like

�

Fig. 17.1 (continued) of the D1- and D2-like agonists to a lower dose of cocaine
(267 μg/kg/injection). ∗Significantly different from 50%, P < 0.05. (c) Intranucleus accumbens
(NAc) shell self-administration of D1- and D2-like agonists. Groups of rats self-administered 100 nl
infusions containing 0.5 mM of the D1-like agonist SKF 38393, the D2-like agonist quinpirole, or
a mixture during the first three sessions. The SKF and quinpirole groups were switched to the mix-
ture for sessions 4 and 5, while the group initially trained on the mixture self-administered vehicle
in session 4. During sessions 1–3, rats receiving SKF + quinpirole obtained more infusions than
did rats receiving either drug alone (P < 0.001). The SKF and quinpirole groups exhibited higher
levels of self-administration in session 5, when SKF + quinpirole was given in place of SKF or
quinpirole alone, than in session 3 (P = 0.01). The replacement of SKF + quinpirole with vehi-
cle in session 4 diminished self-administration (P = 0.02). (d) The D1-like agonist SKF 82958
induces dose-dependent conditioned place preferences with minimal pairings (2 drug, 2 saline).
Data are expressed as mean ± S.E.M. difference in preference for the drug- minus saline-paired
side. Symbols indicate post-test scores differ from saline/saline pairing (SAL; ∗P < 0.05, ∗∗P <
0.01), or from pretest scores (††P < 0.01). Reproduced with permission from (a) Self and Stein
[11], (b) Manzardo et al. [21], (c) Ikemoto et al. [25], and (d) Graham et al. [43]
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Fig. 17.1 (a) Self-administration of the D1-like agonist SKF 82958 in drug-naive rats. Data points
show the mean daily number of self-injections (± S.E.M.) of groups self-administering SKF
82958 at a dose of 10 μg/kg/injection or saline over 15 consecutive test sessions (∗SKF 82958
differs from saline, P < 0 05). High response rates in the initial test sessions are due to lever-
press training for food pellets prior to self-administration testing. (b) In choice tests, rats prefer to
self-administer a moderate dose of cocaine (800 μg/kg/injection) to either the D1-like agonist SKF
82958 (10 μg/kg/injection) or the D2-like agonist (+)-PHNO (1 μg/kg/injection), but exhibit a sim-
ilar preference for cocaine and a mixture of the D1- and D2-like agonists. Rats prefer the mixture
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receptor agonists are self-administered intravenously by rats, mice and monkeys
(reviewed by [17]), including highly D2-like selective agonists such as quinpirole,
7-OH-DPAT, and (+)-PHNO [10, 18–22]. In contrast to the self-administration of
D1-like agonists in drug-naïve animals, D2-like agonists are self-administered only
when substituted for drugs such as cocaine in animals with extensive prior self-
administration training. Whether drug-naïve animals will learn to self-administer
D2-like agonists has not been systematically studied, and there are no reports of
experimentally or drug-naive animals acquiring D2-like agonist self-administration,
but studies have found that quinpirole and 7-OH-DPAT generally fail to support
self-administration in monkeys without prior cocaine self-administration training
[23, 24]. These findings indicate that D1-like receptor stimulation is sufficient to
mediate primary rewarding effects, but it is not clear whether selective D2-like
receptor stimulation is capable of mediating primary reward. One possible explana-
tion is that D2-like agonists maintain self-administration behavior once acquired by
enhancing the conditioned rewarding properties of lever-press behavior associated
with primary rewards during previous training (see Section 17.3.3). Furthermore,
D2-like receptors apparently can augment the magnitude of reward mediated by
D1-like receptor stimulation, since rats prefer to self-administer co-injections of
D2-like with D1-like receptor agonists over cocaine, but cocaine is preferred over
injections of D1-like receptor agonists alone (Fig. 17.1b) [21]. Moreover, genetic
deletion of D1 receptors abolishes the reinforcing effects of a D2-like agonist in mice
[16], further indicating that D2-like receptors fail to independently mediate primary
reward.

Intracranial self-administration studies indicate that the ventral striatum contains
D1-like and D2-like receptors that are important for mediating primary rewarding
effects. Rats will learn to self-administer a cocktail containing both D1-like and
D2-like receptor agonists into the nucleus accumbens shell (Fig. 17.1c), but not
the core subregion [25]. While neither agonist alone supports self-administration
behavior, only the partial D1-like receptor agonist SKF 38393 has been tested, and
so it is possible that high efficacy and selective D1-like receptor agonists would
support self-administration behavior in the nucleus accumbens shell. Interestingly,
infusion of cocaine into more ventral olfactory tubercle regions more effectively
supports self-administration behavior than infusion in the nucleus accumbens shell,
an effect blocked by co-infusion with either D1-like or D2-like antagonists [26].
Dopamine receptors in the medial prefrontal cortex also support self-administration
behavior, since rats will self-administer dopamine (or cocaine) into this region, and
the effects are blocked by co-infusion with a D2-like but not a D1-like antagonist
[27–29]. Whether animals would self-administer selective D1-like or D2-like ago-
nists directly into the medial prefrontal cortex or other brain regions is unknown.
Other studies found that cocaine is self-administered directly into the dopamine cell
body region of the posterior ventral tegmental area in mice and rats, which may
be mediated by D1-like receptor modulation of serotonergic excitation of dopamine
neurons [30, 31].

Some studies suggest that the hedonic impact of rewards may be dissociable
from dopamine receptor stimulation and its role in goal-directed behavior. Thus,
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for example, depletion of central dopamine has no effect on hedonic responses
to natural reward in animals [7]. In humans, indirect dopamine agonists such as
cocaine and amphetamine induce euphoria, but the dopamine receptor agonist apo-
morphine produces nausea and dysphoria, an effect that may involve peripheral
dopamine receptor activation [32]. The D2-like receptor agonist bromocriptine pro-
duces little subjective effects on its own [33], and neuroleptic drugs that block
D2-like receptors fail to consistently attenuate subjective reports of euphoria with
amphetamines or cocaine in humans [34, 35]. In contrast, however, acute blockade
of D1-like receptors with ecopipam (SCH 39166) attenuates cocaine-induced eupho-
ria in human cocaine addicts [36], although chronic blockade of D1-like receptors
actually enhances cocaine euphoria potentially due to compensatory changes [37].
These findings suggest that the primary rewarding effects of direct dopamine recep-
tor stimulation may be dissociable from hedonic responses in animals and that
D1-like, but not D2-like, receptors may play a role in drug-induced euphoria in
humans.

17.2.2 Conditioned Place Preference with D1-Like and D2-Like
Receptor Agonists

Conditioned place preference has been widely used as an indirect measure of the
rewarding properties of dopamine receptor agonists. In conditioned place prefer-
ence, animals will prefer an environment associated with primary rewarding stimuli
over those paired with neutral stimuli. The environmental context acquires con-
ditioned rewarding properties that reflect the primary rewarding properties of the
dopamine receptor agonists. Several decades of research has shown differential
abilities of D1-like and D2-like receptor agonists to produce conditioned place pref-
erence [17, 38]. Early studies found that systemic administration of high doses
of the partial D1-like agonist SKF 38393 actually produces a place aversion [39,
40], reflecting dysphoric effects, and this effect is blocked by a D1-like but not a
D2-like antagonist [39, 41]. However, subsequent studies found that the higher effi-
cacy D1-like agonists SKF 82958 (Fig. 17.1d), SKF 81297, and the non-benzazepine
agonist ABT-431 will produce a conditioned place preference [42, 43]. Interestingly,
the long-acting full D1-like agonist A-77636 produces a place aversion potentially
due to profound receptor internalization [43, 44]. In this sense, place aversions with
A-77636 and the partial D1-like agonist SKF 38393 resemble strong place aver-
sions that are found with D1-like receptor blockade [45], suggesting that a loss of
D1-like receptor tone produces dysphoria in animals. Together, these studies gener-
ally agree with self-administration studies indicating that selective D1-like receptor
stimulation is sufficient to mediate primary rewarding effects.

Systemic treatment with D2-like agonists such as quinpirole, 7-OH-DPAT, or
bromocriptine can produce a conditioned place preference, a place aversion, or have
no effect depending on rat strain, dose, and other experimental conditions. Systemic
administration of quinpirole at doses thought to activate post-synaptic receptors pro-
duces a weak conditioned place preference in Wistar [39, 41], Lister-hooded [46],
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and Long–Evans rats [40], while it is ineffective in Sprague Dawley rats unless they
have received repeated cocaine injections prior to conditioning [43]. Similarly, 7-
OH-DPAT has been shown to produce a conditioned place preference in Wistar
[47] and Sprague Dawley rats [48, 49] in some studies, but no effect in Swiss
Webster mice or Wistar rats in other studies [50, 51]. Place conditioning with low
doses that are thought to selectively activate D2-like autoreceptors actually produce
conditioned place aversions [52, 53]. The less selective D2-like agonist bromocrip-
tine has been shown to produce place preference in both rats and mice [54, 55].
Similarly, certain full efficacy and putative D3-selective ligands produce either a
place preference [56] or an aversion [52], while a novel D4 agonist is without effect
[57]. Together these discrepancies highlight the impact of strain differences, intral-
aboratory variability in place conditioning procedures, or the potential differential
influences of D2 and D3 receptors on reward substrates.

When infused into the nucleus accumbens, both D1-like and D2-like agonists
produce conditioned place preferences [40], whereas negative findings have been
found in the hippocampus and amygdala. However, dopamine receptors in the
hippocampus and amygdala can modulate place conditioning with other drugs
of abuse [58, 59], suggesting that dopamine receptors in these regions can alter
associative learning between rewarding stimuli and conditioned environments.
Results with place conditioning differ from self-administration studies by suggest-
ing that either D1-like or D2-like receptors in the nucleus accumbens can produce
rewarding effects in drug-naïve animals.

17.3 Modulation of Natural and Endogenous Reward
by Dopamine Receptor Subtypes

Given the fact that natural rewards, including highly palatable foods, water, and
sexual interaction, all increase dopamine levels in terminal regions, it is not surpris-
ing that dopamine receptors play a role in natural reward. Moreover, the rewarding
effect of electrical brain stimulation, or brain stimulation reward, also is mediated
by dopamine receptors to a major extent. While both D1-like and D2-like receptors
are implicated in natural reward, D1-like receptors in particular play an important
role in reward-related learning during initial establishment of stimulus–response
associations, whereas D2-like receptors play a prominent role in augmenting the
motivational salience of conditioned rewards after learning has occurred. These dif-
ferences suggest that D1- and D2-like receptors are involved in different phases of
acquisition and expression of rewarded behavior.

17.3.1 Modulation of Food, Water, and Sexual Reward
by Dopamine Receptor Subtypes

Pretreatment with either dopamine agonists or antagonists can reduce instrumental
responding for food rewards (e.g. [60]), but these effects usually reflect perfor-
mance or other rate-altering effects unrelated to reward impact. In sham-fed rats,
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where sucrose is ingested without instrumental requirements but prevented from
remaining in the stomach, both D1- and D2-like antagonists reduce preference
for rewarding sucrose [61–63]. Pretreatment with either D1- and D2-like agonists
also reduces food intake, but only D1-like agonists reduce sucrose-sham feed-
ing, consistent with a role for D1-like receptor stimulation in satiety mechanisms
for highly palatable reward [64]. In contrast, instrumental responding for high
sucrose content food pellets is increased by the D2-like antagonist raclopride, con-
sistent with an antagonist-like effect on reward processes surmountable by increased
self-administration behavior [65].

Water intake in thirsty mice is not affected by D1-like antagonists [66], while it
is reduced by both D1-like and D2-like antagonists in rats [67]. However, the con-
ditioned place preference to water availability in deprived rats is blocked by either
the D1-like antagonist SCH 23390 or the D2-like antagonist raclopride at doses
that have no effect on water intake during conditioning [67]. These findings sug-
gest that both D1- and D2-like receptors could play a role in primary water reward,
although blockade of Pavlovian learning processes independent of alterations in
primary reward strength also could account for these results.

In addition, dopamine receptors are implicated in the rewarding effects of sexual
interaction. Dopamine D2-like agonists promote while antagonists reduce motiva-
tional indices of copulatory behavior in male rats [68]. In contrast, the partial D1-like
agonist SKF 38393 does not influence copulation [69]. When male rats perform an
instrumental response to gain access to a receptive female, non-selective blockade
of D1- and D2-like receptors impairs this response [70], and the pursuit of receptive
females is reduced by systemic pretreatment with either D1- or D2-like antagonists
[71]. In female rats, high doses of the D2-like agonist quinpirole elicit sexual behav-
ior (lordosis) in non-receptive rats, while lower (presumably autoreceptor doses) are
effective in receptive rats [72], suggesting that receptivity disrupts the sensitivity
to post-synaptic D2-like stimulation. D1-like ligands are ineffective at modulating
this behavior. Many sexual responses in female rats may reflect actions in brain
regions unrelated to brain reward and motivational systems. However, a recent study
found that the preference for male pheromones in female mice is not blocked by
D1-like or D2-like antagonists, but is blocked by the D1-like agonist SKF 38393
[73], potentially reflecting a masking of the pheromone reward stimulus by tonic
D1-like receptor stimulation.

D1-receptor knockout mice are capable of acquiring instrumental responding
for sucrose or sweetened food reward, but acquire self-administration more slowly
despite no difference in sucrose intake when freely available [16, 74]. Thus, these
decrements may reflect performance rather than motivational deficits. In female D5
knockout mice, the ability of apomorphine to facilitate sexual receptivity is blocked,
whereas male D5 knockout mice show an impaired conditioned place preference to
environments paired with intromission, but not ejaculation [75]. D2 receptor knock-
out mice show impaired acquisition of instrumental response for sweetened milk
most likely due to Parkinson-like effects [76], but another study found no effect
on water self-administration [77]. D3 receptor knockout mice show no changes in
responding for food or water rewards [78]. The inability to regulate the degree of
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dopamine receptor inactivation, or to localize effects to specific brain regions, prob-
ably accounts for behavioral impairment and makes it difficult to assign a role for
specific dopamine receptor subtypes in natural reward in these knockout studies.

Dopamine levels in the nucleus accumbens are elevated by unfettered sucrose
consumption, but reverse microdialysis of either D1- or D2-like antagonists into
the nucleus accumbens fails to alter this behavior [79]. In contrast, microinfusions
of both D1- or D2-like antagonists into the nucleus accumbens core, but not shell,
reduce instrumental responding for normal chow pellets under more demanding pro-
gressive ratio schedules, which could reflect performance rather than motivational
effects [80]. Putative D3 and D4 antagonists are ineffective. When regular chow
is available under free-feeding conditions in food-deprived rats, neither D1- nor
D2-like receptor blockade in the nucleus accumbens impairs food intake, but the
number of feeding bouts is reduced [81], consistent with a role for nucleus accum-
bens dopamine receptors in incentive motivational responses, but not the regulation
of food intake. Kelley and colleagues found that a low dose of a D1-like antagonist
that does not impair instrumental performance will attenuate acquisition of respond-
ing rewarded by sucrose pellets when infused into the nucleus accumbens, but only
when co-infused with a similar low dose of an NMDA glutamate receptor antagonist
[82]. These results suggest that coincident activation of D1-like and NMDA recep-
tor signals are needed for reward-related learning. Post-trial infusions of the D1-like
and NMDA antagonists fail to alter acquisition of sucrose self-administration, but
post-trial infusion of a protein kinase A inhibitor (PKA) does impair acquisition,
suggesting that prior D1-like receptor activation of cAMP is important for consol-
idating these learned stimulus–response associations [83]. A similar relationship
for coincident D1-like and NMDA receptor activation and dependence on protein
kinase A is found in the medial prefrontal cortex [84]. Blockade of intra-amygdala
D1-like receptors also impairs acquisition of instrumental responses for sucrose
reward without affecting performance, suggesting that amygdala D1-like activity
is important in reward-related learning [85].

17.3.2 Modulation of Brain Stimulation Reward by Dopamine
Receptor Subtypes

Electrical stimulation of several brain regions will support self-stimulation behav-
ior, including the ventral tegmental area where dopaminergic cell bodies are located,
and the lateral hypothalamus where descending fibers of the medial forebrain bun-
dle activate dopamine neurons through direct and indirect pathways [86]. Forebrain
regions including the medial prefrontal cortex also support self-stimulation behav-
ior potentially through activation of dopamine neurons in the ventral tegmental area
[87]. The magnitude of brain stimulation reward can be determined in a response
rate-independent manner by measuring stimulus frequency (or intensity) thresh-
olds, or by parallel shifts in stimulus–response curves, valuable procedures given
that dopaminergic ligands can produce substantial effects on performance. Systemic
administration of either D1- or D2-like antagonists attenuate the rewarding impact
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of electrical brain stimulation (e.g.[88, 89]), whereas D3 antagonists are ineffective
[48, 90]. The rate–frequency curve is shifted rightward in D1 receptor knockout
mice [91], and D2 knockout mice require 50% more stimulus intensity to sup-
port self-stimulation [92]. Together these studies suggest that both D1 and D2
receptor subtypes play a necessary role in the rewarding effects of electrical brain
stimulation.

In contrast to antagonists, systemic administration of D1- and D2-like recep-
tor agonists produces differing effects on brain stimulation reward. Thus, the
prototypical but partial D1-agonist SKF 38393 is without effect [89] or inhibits
brain stimulation reward [93], although the facilitation of ventral tegmental self-
stimulation by SKF 38393 has been reported [94]. The full efficacy D1-agonist
SKF 81297 elevates brain stimulation reward thresholds in rats [95], while the less
selective D1-agonist SKF 82958 reduces thresholds in mice [96]. Pretreatment with
the non-benzazepine D1-agonist A-77636 also lowers thresholds in rats [97]. Given
the differential ability of these compounds to support self-administration behav-
ior and produce a conditioned place preference (SKF 81297 and SKF 82958), or
fail self-administration tests and produce a conditioned place aversion (SKF 38393
and A-77636), the relationship between facilitation of brain stimulation reward and
inherent rewarding properties of these compounds is unclear.

In contrast, pretreatment with the D2-like agonist quinpirole lowers the thresh-
old of brain stimulation reward [89, 98], while lower presumably autoreceptor
doses increase thresholds [98]. Although the D1-like agonist SKF 38393 is without
effect, co-administration with quinpirole augments the threshold lowering effects of
quinpirole alone, while the D1-like antagonist SCH 23390 attenuates this facilita-
tion, consistent with synergistic and enabling interactions between D1- and D2-like
receptors [99]. Pretreatment with the D2-like agonist 7-OH-DPAT has inconsistent
or biphasic effects [48, 95, 98, 100], with low doses attenuating and high doses
facilitating brain stimulation reward, consistent with biphasic activation of pre-and
post-synaptic D2-like receptors with increasing dose [101]. Similarly, 7-OH-DPAT
produces biphasic effects using a progressive ratio schedule of brain stimulation
reward that measures the amount of effort animals will exert to obtain brain stimu-
lation; low doses reduce and high doses increase the amount of effort exerted [102].
The less selective D2-like agonist bromocriptine also lowers self-stimulation thresh-
olds [103]. These results clearly indicate that stimulation of post-synaptic D2-like
receptors enhances the rewarding effects of electrical brain stimulation.

Intracranial infusion studies have identified the nucleus accumbens as a major
site for modulation of brain stimulation reward by D1- and D2-like receptors.
Nucleus accumbens infusions of either the D1-like antagonist SCH 23390 or the
D2-like antagonist raclopride attenuate brain stimulation reward, while the D3
antagonist (+)-UH232 and the D4 antagonist clozapine are ineffective [104, 105].
In contrast, agonist infusion studies have found that intra-accumbens infusions
of SKF 38393 (D1-like) enhance but infusions of quinpirole (D2-like) attenuate
brain stimulation reward, whereas medial prefrontal cortex infusions are inef-
fective [106]. Similarly, infusions of the D1-like agonist A-77636 into more
caudal nucleus accumbens regions lower stimulation thresholds, while quinpirole
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infusions elevate thresholds [97]. Another study found that nucleus accumbens infu-
sions of the D2-like agonist 7-OH-DPAT have no effect on brain stimulation reward
thresholds unless co-infused with AMPA glutamate receptor antagonists to remove
glutamatergic tone [107]. While the effect of D2-like agonists differs from systemic
administration, it is possible that local effects mediated by D2-like autoreceptors on
dopamine terminals in the nucleus accumbens reduce dopamine release in response
to brain stimulation reward. Given the reliance of D2-like receptor-mediated reward
on D1-like receptor tone in the nucleus accumbens, local inhibition of dopamine
release and D1-like tone could explain a lack of facilitation with direct activation of
post-synaptic D2-like receptors in the nucleus accumbens.

In this regard, infusions of either D1- or D2-like agonists into the dopamine
cell body region of the ventral tegmental area attenuate self-stimulation of the
ventral tegmental area, but not self-stimulation of the lateral hypothalamus [106].
Local D1-like receptor stimulation in the ventral tegmental area induces GABA
release that inhibits dopamine neurons [108], while D2-like autoreceptors directly
inhibit dopamine neuron firing. Infusions of D1- or D2-like agonists into the frontal
cortex or caudate-putamen are ineffective at modulating the rewarding effects of
ventral tegmental area stimulation [97]. However, infusions of the D2-like antag-
onists spiperone and pimozide into the medial prefrontal cortex will decrease
self-stimulation of the same site [109]. Together these studies implicate both D1
and D2 receptors, especially in the nucleus accumbens, in mediating the reward-
ing effects of electrical stimulation of midbrain dopamine neurons, while a role
for D3 receptors awaits further testing in D3 knockout mice or the availability of
more selective ligands. D4 and D5 receptors are not highly expressed in the nucleus
accumbens [110–112], but these receptors in other brain regions may play a role in
modulating brain stimulation reward.

17.3.3 Modulation of Conditioned Reward by Dopamine Receptor
Subtypes

The repeated temporal pairing of hedonically neutral and temporally discrete envi-
ronmental stimuli (e.g., tones and lights) with response-independent delivery of
primary rewards (natural or drug) leads to the formation of conditioned reward.
Through Pavlovian conditioning, these stimuli acquire rewarding properties of their
own, and animals subsequently will learn to perform a novel instrumental response
when rewarded by presentation of the conditioned stimulus. The phenomenon has
major implications for control over behavior exerted by conditioned cues in drug
addiction, since these cues can trigger craving and relapse to drug use. Studies
by Robbins and Taylor showed that psychostimulants greatly enhance conditioned
reward by elevating dopamine levels in the nucleus accumbens and potentially other
regions [113–115].

The facilitation of conditioned reward by amphetamine is blocked by systemic
treatment with either D1- or D2-like antagonists [116]. When given alone, low
doses of D2-like antagonists can potentiate conditioned rewards, probably due to
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enhanced dopamine release with autoreceptor blockade, while higher post-synaptic
doses of D1-like and D2-like antagonists attenuate responding [117]. Systemic
administration of D1-like agonists also attenuate responding for conditioned reward,
potentially due to masking of temporally discrete reward-related signals with pre-
sentation of the conditioned reward [118]. In contrast, responding for conditioned
rewards is markedly enhanced by systemic pretreatment with D2-like agonists
[119]. Interestingly, the opposite effects of D1- and D2-like agonists on conditioned
reward are remarkably similar to their effects on drug-seeking behavior as discussed
in Section 17.5.1. The facilitation of conditioned reward by the D2-like agonist
bromocriptine is blocked by pretreatment with the D1-like antagonist SCH 23390
[120], indicating the necessary role for D1-like receptor tone on the expression of
D2-like receptor-mediated effects.

However, when directly infused into the nucleus accumbens, either the D1-like
agonist SKF 38393 or the D2-like agonist quinpirole facilitates conditioned reward
[121, 122], suggesting that the attenuation of conditioned reward by D1-like recep-
tor stimulation involves multiple or other brain regions. In any event, a necessary
role for both D1- and D2-like receptors in the nucleus accumbens is indicated by the
fact that antagonists for either receptor will block conditioned reward when infused
in this brain region [121]. Interestingly, infusions of the D2-like agonist 7-OH-DPAT
into the amygdala during the conditioning phase prevent the subsequent expression
of conditioned reward in a drug-free state [123], potentially due to D2-like autore-
ceptor inhibition of reward-related dopamine release in the amygdala. Similarly,
blockade of either D1- or D2-like receptors in the amygdala during conditioning
prevents the formation of conditioned reward for cocaine-associated cues [124].
These latter results suggest that stimulation of dopamine receptors in the amyg-
dala is important for establishing enduring learned associations between primary
and conditioned rewards, whereas the former results suggest that the expression
of conditioned reward requires stimulation of dopamine receptors in the nucleus
accumbens.

17.4 Modulation of Drug Self-Administration by Dopamine
Receptor Subtypes

Many studies have utilized dopaminergic ligands to study the role of dopamine
receptors in the rewarding effects of abused drugs. Given this vast literature, this
section will focus on drug self-administration studies, arguably the most perti-
nent animal model of human drug abuse available. The schedule requirements for
drug delivery in self-administration studies are an important consideration when
modeling distinct symptoms of addictive behavior. In studies where each drug
injection requires a low fixed number of instrumental responses (fixed ratio), an
animal’s preferred level of drug intake is not encumbered by performance demands
or by prolonged intervals of drug unavailability. Under these circumstances, ani-
mals titrate their preferred level of drug intake in a highly stable and dose-sensitive
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manner. For example, animals will compensate for a lowering in the injection
dose by increasing the rate of self-administration, and decrease self-administration
rates when the injection dose is increased. This relationship is reflected by an
inverted U-shaped self-administration dose–response curve, spanning subthreshold
doses that are too low to support self-administration, moderate but short acting
suprathreshold doses that are self-administered at increased rates, and higher doses
that are self-administered at reduced rates due to prolonged effects of the drug
injections. Systemic pretreatment with dopaminergic agonists such as apomorphine
reduces the rate of amphetamine self-administration by prolonging the interval
between successive self-injections [18]. Since this reduction resembles the effect
of increasing the injection dose of amphetamine, it is thought that generalized
dopamine receptor stimulation potentiates the satiating or other rate limiting effects
of self-administered amphetamine in an additive manner. Conversely, blockade of
post-synaptic dopamine receptors with systemic neuroleptic treatment increases
the rate of cocaine intake by shortening the time interval between successive self-
injections [125], similar to the effect of lowering the cocaine injection dose. Thus,
dopamine receptor blockade is thought to antagonize the impact of the cocaine injec-
tions in a manner surmounted by volitional increases in cocaine intake, and a similar
effect is produced when animals transit to more addicted biological states [126]. An
advantage of this approach is that the performance degrading effects of dopamine
receptor blockade are negated by increases in self-administration behavior.

While the stability of fixed ratio drug self-administration has its advantage,
self-administration rates on these schedules are not directly related to the magni-
tude of reward. For assessing reward magnitude, self-administration studies often
employ progressive ratio schedules, where the degree of effort (e.g., lever press-
ing) an animal will exert to obtain drug is used as an index of reward, rather than
the actual amount of drug consumed. In progressive ratio testing, the response
demands for each successive drug injection increase progressively during active
self-administration, and the highest ratio of lever presses/injection achieved before
animals quit responding (break point) measures a drug’s rewarding efficacy. Thus,
while dopamine receptor blockade can increase drug self-administration on fixed
ratio schedules (Fig. 17.2a), the same treatment can decrease self-administration on
progressive ratio schedules (Fig. 17.2b). The use of both schedules of drug reward is
a powerful combination for clarifying the contribution of specific dopamine receptor
subtypes in the regulation of drug intake (fixed ratio) and the motivation for drugs
when obtaining reward is more demanding (progressive ratio).

17.4.1 Modulation of Psychostimulant Self-Administration
by Dopamine Receptor Subtypes

The rewarding effects of psychostimulants such as cocaine and amphetamine
involve their ability to function as indirect dopamine receptor agonists. Given that
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Fig. 17.2 (a) Intranucleus accumbens shell infusions of the D1-like antagonist SCH 23390
(3.0 μg/side) or the D2-like antagonist eticlopride (10.0 μg/side) increase stabilized cocaine self-
administration (0.5 mg/kg/injection) on a fixed ratio 1:timeout 15 s schedule of reward.
Representative self-administration records for individual animals during baseline self-
administration one day prior to tests with intranucleus accumbens antagonist treatment. Upward
hatchmarks denote times of self-injection. (b) Similar intranucleus accumbens shell infusions of
SCH 23390 (1.25 μg/side) or eticlopride (10.0 μg/side) reduce cocaine self-administration on
a progressive ratio self-administration schedule. Individual cumulative response records show
that a saline-treated control achieves a ratio of almost 200 responses per injection (vertical dis-
tance between dotted lines on left) before quitting self-administration behavior, whereas animals
treated with SCH 23390 or eticlopride achieve less than 40 responses per injection. Adapted with
permission from (a) Bachtell et al. [157] and (b) Bari and Pierce [80]

both D1- and D2-like receptors play a role in mediating or modulating reward pro-
cesses, it is not surprising that systemic pretreatment with either D1- or D2-like
selective antagonists leads to compensatory increases in cocaine intake on fixed
ratio self-administration schedules in rats [127–130], and monkeys [131]. These
findings suggest that both D1- and D2-like receptors contribute to negative feedback
regulation of cocaine intake. Conversely, both D1- and D2-like receptor antagonists
decrease the amount of effort animals will exert to obtain cocaine or amphetamine
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when self-administered on a progressive ratio schedule [130, 132–134]. Since these
treatments increase self-administration rates on fixed ratio schedules, decreased self-
administration on progressive ratio schedule is likely due to reduced motivational
rather than performance effects. In contrast, systemic pretreatment with putative
D3 and D4 antagonists fails to increase cocaine intake on fixed ratio schedules
[135–138], but the D3 antagonists NGB 2904 and SB-277011A attenuate cocaine
reward on progressive ratio schedules [137, 138]. This differential sensitivity to
D3 antagonists with fixed and progressive ratio cocaine self-administration distin-
guishes these compounds from generalized D2-like receptor antagonists. Thus, D3
receptors may play a necessary role along with D1- and D2 receptors in cocaine
reward, while D1- and D2 (but not D3) receptors may be preferentially involved in
negative feedback regulation of cocaine intake.

Genetic deletion of D1 receptors dramatically decreases the number of mice
that will acquire cocaine self-administration [16]. In contrast, D2 receptor knock-
out mice acquire cocaine self-administration, and show increased cocaine intake
on fixed ratio schedules similar to the effect of D2-like receptor antagonists [135].
However, the ability of the D2-like receptor antagonist eticlopride to further elevate
cocaine intake is absent in D2 receptor knockout mice, indicating the effect primar-
ily reflects blockade of D2 and not D3 or D4 receptors as indicated by antagonist
studies in rats. These results support the notion that D1 receptors play a major role
in the primary rewarding properties of cocaine, while D2 receptors contribute to
cocaine’s rate-reducing effects.

In contrast to antagonist pretreatment, pretreatment with full efficacy D1- or D2-
like receptor agonists reduces cocaine self-administration on unrestricted fixed ratio
schedules, but the qualitative aspects of this reduction differ. Thus, pretreatment
with D1-like agonists suppress the initiation of cocaine self-administration, and pro-
duce downward shifts in the inverted U-shaped dose–response function in rats and
monkeys [139–142]. In contrast, pretreatment with D2-like agonists prolongs the
time interval between successive cocaine injections (post-injection pause), similar
to the effect of increasing the unit cocaine dose/injection, and produces a leftward
shift in the dose–response curve [20, 140, 141, 143–145]. As suggested above,
these results are consistent with the idea that tonic D1-like receptor stimulation
suppresses cocaine self-administration by supplanting and occluding the primary
rewarding effects of cocaine, whereas tonic stimulation of D2-like receptors poten-
tiates the rewarding effects of self-administered cocaine. Systemic pretreatment with
the D2-like agonist quinpirole has no effect on amphetamine self-administration on
a progressive ratio schedule [134]. However, when D1- or D2-like agonists are com-
bined with cocaine injections in monkeys self-administering on a progressive ratio
schedule, a situation where agonists are delivered in a discrete response-contingent
manner, both D1-like and D2-like agonists produce leftward shifts in the dose–
response curve compared to cocaine alone, indicating that either receptor contributes
to cocaine reward [146].

While studies with D3-selective antagonists have been informative, studies with
putative D3-selective agonists have been complicated by the fact that the behav-
ioral profile often resembles that of general D2-like agonists on fixed ratio cocaine
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self-administration, i.e., a prolonging of the interval between successive cocaine
injections consistent with an additive interaction with cocaine [136, 147]. Previous
studies suggested that the potency for this effect in vivo correlates with activity at D3
but not D2 receptor activation in vitro using a bioassay in cells expressing D2 or D3
receptors [148, 149]. However, other evidence suggests that D3 receptors actually
would oppose cocaine effects by opposing D1 receptor function when co-localized
on similar striatal neurons [150–152]. Furthermore, the ability to study the func-
tional effects of D3 receptors using partial D3-preferring agonists such as BP 897 is
complicated by their agonist/antagonist profiles at D2 and D3 receptors [153].

Intracranial infusion studies suggest that D1- and D2-like receptors in multiple
brain regions contribute to the modulation of psychostimulant self-administration by
dopamine receptor ligands. Infusions of either D1- or D2-like antagonists into the
nucleus accumbens mimic the rate-increasing effects of systemic antagonist admin-
istration on fixed ratio cocaine and amphetamine self-administration [154–157], an
effect illustrated in Fig. 17.2a. However, local stimulation of nucleus accumbens
D1- or D2-like receptors fails to recapitulate the reduction in cocaine intake pro-
duced by systemic agonist administration [157], although infusion of dopamine
itself does reduce cocaine intake on fixed ratio self-administration schedules [158].
These results may suggest that D1- and D2-like receptors in the nucleus accumbens
are saturated with dopamine during cocaine self-administration, or that co-activation
of both receptor classes and possibly in multiple brain regions is needed to produce
an additive interaction with cocaine to reduce self-administration rates. However,
viral-mediated over-expression of D2 receptors in the nucleus accumbens effec-
tively reduces the rate of fixed ratio cocaine self-administration [159], suggesting
that the amount of D2 receptors in the nucleus accumbens plays an important role
in regulating preferred levels of cocaine intake.

Increases in fixed ratio cocaine self-administration produced by local blockade
of nucleus accumbens D1- or D2-like receptors are paralleled by decreases in the
motivation for cocaine (but not food) on progressive ratio schedules (Fig. 17.2b)
[80, 160]. The motivational effects are selective for cocaine when infused in the
shell subregion, but responding for both rewards is blocked when antagonists
are infused in the core subregion potentially reflecting performance deficits [80].
Nucleus accumbens infusions of the D3 antagonist U99194A or the D4 antagonist
L-750,667 have no effect on cocaine reward in progressive ratio testing.

Fixed ratio cocaine self-administration is increased by infusing the D1-like antag-
onist SCH 23390 into several other dopamine terminal regions, including the medial
prefrontal cortex [161], insular cortex [162], bed nucleus of the stria terminalis
[163], and amygdala [156, 160, 162, 164]. Similar infusions of SCH 23390 in medial
prefrontal cortex reduce cocaine reward on progressive ratio schedules [161], but
not when infused in the amygdala [160]. These results illustrate that regulation of
cocaine intake and the motivation for cocaine are distinct behavioral phenomena
mediated by separate neural substrates. Interestingly, infusions of SCH 23390 in
the dopamine cell body region of the ventral tegmental area also increase cocaine
intake on fixed ratio schedules, and decrease the motivation for cocaine on progres-
sive ratio schedules [165], presumably acting on D1-like receptors located on the
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axons of GABAergic, serotonergic, or glutamatergic input to dopamine neurons.
Local blockade of D2-like receptors in the arcuate nucleus of the hypothalamus
increases fixed ratio cocaine intake potentially due to attenuation of cocaine-induced
β-endorphin release in the nucleus accumbens [166]. Together, these findings sug-
gest that dopamine receptors in multiple brain regions regulate cocaine reward
through vastly different mechanisms.

17.4.2 Modulation of Opiate and Nicotine Self-Administration
by Dopamine Receptor Subtypes

Like most drugs of abuse, opiate drugs including heroin and morphine, along with
nicotine, stimulate mesolimbic dopamine release that plays a major role in their
rewarding properties, although dopamine-independent mechanisms also exist for
opiate reward [167, 168]. Opiate and nicotine self-administration on fixed ratio
schedules can show compensatory increases in drug intake when the primary
receptors (opioid and nicotinic cholinergic) are blocked with antagonists in a sur-
mountable manner. However, the positive effects of dopamine receptor blockade on
opiate and nicotine self-administration, where present, generally show reductions
rather than increases in drug self-administration on fixed ratio schedules. This differ-
ence in the response may reflect an insurmountable blockade produced by blocking
dopamine receptors downstream from the primary opioid and nicotinic receptors in
reward pathways. Reductions in fixed ratio drug self-administration with dopamine
receptor blockade also are found when the rewarding effects are relatively weak,
and exhibit shallow inverted U-shaped dose–response curves as found with nico-
tine compared cocaine or heroin self-administration. Thus, it is important to control
for possible impairments in response performance by dopamine antagonists in these
studies. Given these caveats, there are far fewer reports of the modulation of opi-
ate or nicotine self-administration with subtype-selective dopamine receptor ligands
than with psychostimulant self-administration, which also could suggest that many
negative effects have not been reported.

The D1-like receptor antagonist SCH 23390 blocks the acquisition of heroin
self-administration in rats when given as a systemic pretreatment prior to daily
acquisition trials, but this treatment also reduces motor behavior and so perfor-
mance deficits are a consideration [169]. However, similar pretreatments with SCH
23390 infused directly into the nucleus accumbens fail to impair acquisition of
heroin self-administration despite decreases in motor behavior, suggesting that
D1-like receptors in the nucleus accumbens do not mediate opiate reward in self-
administration paradigms (but see [170]). Interestingly, D1 receptor knockout mice
readily self-administer the opioid receptor agonist remifentanil similar to wild-type
controls, despite impairments in cocaine self-administration [16]. Discrepancies
between pharmacological blockade and D1 receptor knockout could suggest a role
for D5 receptors, or involve species differences or compensatory changes with a total
loss of D1 receptors. Regarding the latter, chronic blockade of dopamine receptors
causes a compensatory sensitization in dopamine-independent opiate reward in rats
self-administering heroin [171].



17 Dopamine Receptor Subtypes in Reward and Relapse 497

In contrast, D2 receptor knockout eliminates intravenous morphine self-
administration on either fixed or progressive ratio schedules, without affecting
acquisition of water self-administration [77]. Since dopamine-dependent opiate
reward is mediated by disinhibition of dopamine neurons in the ventral tegmen-
tal area, the loss of both pre- and post-synaptic D2 receptors complicates the
interpretation of these findings. A loss of autoreceptor inhibition of dopamine neu-
rons could occlude disinhibition by opiates. Pre- rather than post-synaptic sites
of action are supported by the finding that systemic administration of the D2-like
receptor antagonist sulpiride leads to extinction of intracranial morphine self-
administration directly into the ventral tegmental area, but sulpiride fails to alter
morphine self-administration directly into the nucleus accumbens [172]. The acqui-
sition of morphine self-administration infused directly into the lateral septum is
prevented by systemic administration of either D1- or D2-like receptor antago-
nists using a spatial discrimination Y-maze task less sensitive to performance issues
[173].

The ability of D1-like receptor stimulation to augment heroin reward is
indicated by the fact that co-injections of D1-like agonists with heroin cause
an additive leftward shift in the self-administration dose–response curve on a
progressive ratio schedule in monkeys, similar to their effect on cocaine self-
administration [146]. However, in contrast to cocaine self-administration, heroin
co-injected with D2-like agonists causes a rightward shift of the dose–response
curves, again, potentially due to D2-like autoreceptor stimulation counteracting
heroin’s ability to disinhibit midbrain dopamine neurons. Together, these findings
suggest that while dopamine-dependent opiate reward may involve post-synaptic
D1-like receptors similar to psychostimulant reward, dopamine-independent opiate
reward may play a major role especially when dopamine systems are chronically
compromised.

Intravenous nicotine is self-administered at modest rates by animals, but inhi-
bition of monoamine oxidase, as produced by compounds found in tobacco,
dramatically enhances nicotine self-administration in rats [174]. The enhanced nico-
tine self-administration is blocked by systemic pretreatment with D1-like receptor
antagonist SCH 23390. When nicotine is self-administered directly into the ventral
tegmental area, self-administration is reduced by systemic administration of SCH
23390 [175], or by co-infusion with the D2-like receptor agonist quinpirole [176],
the latter reflecting autoreceptors counteracting the ability of nicotine to excite
dopamine neurons. A high dose of the D3 antagonist SB-277011A reduces nicotine
but not food self-administration on a more demanding progressive ratio schedule,
even though this dose also impairs motor activity [177]. Another study found that
SB-277011A has no effect on stable fixed ratio nicotine self-administration at doses
that block nicotine-primed relapse to nicotine seeking in the absence of reward
[178]. Oral nicotine self-administration is increased by clozapine but not haloperi-
dol, potentially reflecting surmountable blockade of D4 receptors [179]. Together,
these studies suggest that both D1-like and D3 receptors play a role in the reward-
ing efficacy of nicotine, although the role of D2, D4, and D5 receptors remains
undetermined.
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17.4.3 Modulation of Alcohol Self-Administration by Dopamine
Receptor Subtypes

Studies on alcohol self-administration also support a role for dopamine receptors in
modulating alcohol intake and reward. Most studies measure volitional but freely
available alcohol consumption in a choice over water or sucrose, but some inves-
tigators employ instrumental responses rewarded by alcohol presentation. Previous
studies have found that either D1- or D2-like receptor blockade with SCH 23390 or
raclopride can reduce alcohol consumption, but with the caveat that similar doses
also reduce water intake [180]. Another study found that SCH 23390 and spiper-
one (D2-like) reduce water but not alcohol consumption [181]. Other studies using
alcohol-preferring rats found that D2-like blockade with spiperone slightly increases
alcohol intake, while the D1-like receptor antagonist SCH 23390 reduces consump-
tion [182]. The D1-like receptor antagonist SCH 31966, devoid of serotonergic
receptor activity, also reduces intake in alcohol-preferring rats, and at doses that
reduce sucrose but not water intake [183]. In contrast, the D2-like antagonist remox-
ipride fails to affect alcohol intake when instrumental responses are required, even
at doses that reduce appetitive responding in non-rewarded sessions [184]. Thus,
studies in rats suggest that D1- rather than D2-like receptors may be necessary for
alcohol reward.

In mice, pretreatment with either the D1-like agonist SKF 38393 or the D2-like
agonist bromocriptine reduces alcohol consumption, but the effect of bromocriptine
is reduced after mice are sensitized to alcohol exposure [185]. In alcohol-preferring
rats, SKF 38393 reduces alcohol intake similar to the D1-like antagonist SCH
23390, potentially reflecting the partial agonist properties of SKF 38393 or sati-
ating effects with D1-like stimulation [182]. Pretreatment with the D2-like agonist
quinpirole also reduces alcohol intake via dopamine autoreceptor effects as dis-
cussed below. However, pretreatment with the D2-like agonist 7-OH-DPAT at very
low presumably autoreceptor doses increases alcohol drinking [180]. The putative
D3 antagonist U99194A fails to alter preference for alcohol in mice [186], while
a high dose of the D3 antagonist SB-277011A reduces alcohol intake in rats [187,
188]. It is interesting that both D1 and D2 receptor knockout mice actually show
an aversion to alcohol [189, 190]; while loss of pre-synaptic D2 autoreceptors could
occlude the rewarding effects of alcohol that otherwise disinhibit dopamine neurons,
post-synaptic D2 receptor responses also could be involved in D2 receptor knockout
mice. In any event, findings in knockout mice strongly implicate dopamine in the
rewarding effect of alcohol.

When alcohol is self-administered directly into the ventral tegmental area, co-
infusion with quinpirole reduces self-administration to control levels, reflecting
the ability of direct autoreceptor stimulation to oppose alcohol-mediated disin-
hibition of dopamine neurons [191]. However, blockade of D1-like receptors in
dopamine terminal region of the nucleus accumbens with SCH 2390 also decreases
alcohol intake without altering the overall rate of instrumental responding [192].
Nucleus accumbens infusions of the D2-like receptor antagonist raclopride reduce
both intake and instrumental response rates [192, 193], potentially due to motor
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impairment. In the bed nucleus of the stria terminalis, D1- but not D2-like recep-
tor blockade reduces instrumental responding for alcohol while producing lesser
reductions in responding for sucrose [194].

Conversely, in a free choice procedure, intranucleus accumbens infusions of
SCH 23390 have little effect on alcohol preference in alcohol-preferring rats,
while the D2-like antagonist sulpiride dose dependently increases consumption
of alcohol without altering intake of sucrose or saccharine [195]. Microinfusion
of sulpiride into the ventral pallidum also increases alcohol intake under free
choice conditions, while SCH 23390 has little effect, although both antagonist
treatments elevate extracellular dopamine levels [196]. These findings suggest
that alcohol intake is differentially sensitive to blockade of dopamine receptors
under free choice or instrumental response procedures. D1-like receptors in the
nucleus accumbens and bed nucleus of the stria terminalis may play a neces-
sary role in regulating alcohol reward when instrumental responses are required.
In contrast, D2-like receptors in the nucleus accumbens and ventral pallidum
may mediate inhibitory feedback regulation of alcohol intake under free choice
conditions.

Stimulation of nucleus accumbens D2-like receptors with quinpirole infusions
increases instrumental responding for alcohol at low doses, opposite to the effect of
receptor blockade, but decreases responding at high doses [193, 197]. Infusions of
the D1-like agonist SKF 38393 have no effect. The increase in self-administration
with low dose quinpirole is prevented by co-infusion of either SKF 38393 or SCH
23390 [197], suggesting that D1-like receptor tone is important for the expression of
post-synaptic D2-like-mediated increases in alcohol self-administration. In contrast
to instrumental responding for alcohol, viral vector-mediated increases in nucleus
accumbens D2 receptors decrease both alcohol preference and intake in preferring
and non-preferring rats [198], indicating that the D2 receptor itself is sufficient to
regulate alcohol reward. Together these findings suggest that while stimulation of
D2-like receptors in the nucleus accumbens is sufficient to facilitate instrumental
responding for alcohol, increases in the amount of D2 receptors reduce alcohol
intake under free choice conditions consistent with negative feedback regulation
of intake discussed above.

17.5 Dopamine Receptor Subtypes in Relapse to Drug-Seeking
Behavior

In addition to playing a critical role in drug reward, the mesolimbic dopamine
system is a major neural substrate for drug-seeking behavior. The mesolimbic
dopamine system is activated by exposure to drug-related environmental cues,
stress, and other pharmacological stimuli that trigger relapse to drug seeking during
withdrawal [199–204]. Dopamine release in forebrain regions such as the nucleus
accumbens is sufficient to trigger relapse to drug seeking. Moreover, in some but not
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all cases, such dopamine release is necessary for environmental or pharmacological
stimuli to trigger drug-seeking behavior.

Relapse to drug seeking is reflected by approach behavior aimed at per-
forming responses that delivered drug injections on prior occasions during self-
administration. Like self-administration on progressive ratio schedules, most studies
measure the level of effort animals will exert to obtain drug when reward is withheld
as an index of drug-seeking behavior, and this behavior is thought to reflect want-
ing or craving that would precipitate relapse to drug use in humans [7, 205]. An
important distinction from self-administration behavior is that responding is mea-
sured in the non-rewarded or drug-free state either without or before reward
delivery.

The most commonly used method to model the propensity for relapse to drug
seeking is the extinction/reinstatement paradigm. The paradigm has face validity
because environmental and pharmacological stimuli that reinstate drug seeking in
animals also trigger drug craving in humans [206–208]. In the extinction phase of
this procedure, drug-seeking behavior is elicited by environmental and contextual
cues associated with drug use in the self-administration test chambers, and ulti-
mately diminishes with repeated training in the absence of drug reward. Following
extinction of drug-seeking behavior, the ability of specific experimenter-delivered
stimuli to elicit or “reinstate” drug-paired lever responding is measured. The rein-
statement of drug-seeking behavior can be induced by priming injections of drugs,
presentation of discrete or environmental cues associated with drug injections, and
by brief exposure to moderate intermittent footshock stress. There are numerous
extinction/reinstatement studies in rats and monkeys. However, there are very few
reports in mice, since commonly used strains do not exhibit effective reinstate-
ment of drug seeking with non-contingent priming injections of drugs [209, 210],
although alcohol-primed reinstatement of alcohol seeking has been reported in mice
[188]. More recently, the reinstatement paradigm has been adapted to the Pavlovian
conditioned place preference model of drug reward, but it is difficult to conceive
that conditioned place preference reflects drug-seeking behavior without volitional
drug self-administration on prior occasions. Furthermore, the role of dopamine
receptor subtypes in the reinstatement of volitional drug seeking markedly differs
from their role in the reinstatement of a drug-induced conditioned place preference
[43, 139].

Another model of drug-seeking behavior involves the use of second-order sched-
ules of drug self-administration, where initial responding is rewarded by discrete
cues predictive of ultimate drug availability. The second-order schedule illus-
trates the powerful control over drug seeking exerted by these cues. However,
since this cue-rewarded drug seeking declines without ultimate delivery of the
drug reward, it has been used less extensively to model long-term drug with-
drawal. Reinstatement paradigms, on the other hand, suffer from the fact that
drug seeking is triggered after extinction of the behavior, a situation vastly differ-
ent from human drug abuse where craving and relapse occur without extinction
experience.



17 Dopamine Receptor Subtypes in Reward and Relapse 501

17.5.1 Modulation of Cocaine Seeking by Dopamine Receptor
Subtypes: Systemic Administration

Most work on the role of dopamine receptors in drug-seeking behavior has been
conducted in animals self-administering cocaine. As discussed above, cocaine
self-administration is reduced by systemic pretreatment with either D1- or D2-
like receptor agonists, suggesting that both receptors provide inhibitory feedback
regulation of cocaine intake during self-administration. Cocaine seeking in the
absence of reward also is strongly regulated by both D1- and D2-like dopamine
receptor classes, except that they mediate opposite effects on this relapse behavior
(Fig. 17.3a). Thus, selective stimulation of post-synaptic D2-like receptors is a pow-
erful trigger of cocaine-seeking behavior during or after responses extinguish [19,
139, 211–216]. Conversely, selective D1-like receptor stimulation is virtually with-
out effect, even when locomotor activation is similar to D2-like receptor stimulation
[139, 211, 214, 215]. In addition, pretreatment with full efficacy D1-like receptor
agonists will block the ability of a single cocaine priming injection, or the pre-
sentation of cocaine-associated cues, to reinstate cocaine seeking in the absence
of increased stereotypy [139, 142, 216–218]. Conversely, pretreatment with D2-
like agonists facilitates cocaine-primed reinstatement [139]. A similar D1-/D2-like
dichotomy regulates cocaine seeking in monkeys [219, 220] and also has been
shown in some studies to suppress and stimulate craving responses in humans,
respectively [221, 222]. The D3-preferring agonist PD 128,907 fails to mimic the
reinstating effects of D2-like agonists in monkeys [219]. Together, these stud-
ies suggest that D2 receptors play a major role in eliciting relapse to cocaine
seeking when environmental stimuli such as cocaine-related cues or stress acti-
vate the mesolimbic dopamine system [223], while high D1 receptor tone may
provide inhibitory regulation over cocaine seeking by satiating primary reward
processes.

While systemic administration of D2-like but not D1-like receptor agonists is
sufficient to trigger cocaine-seeking behavior, both receptor types are necessary for
the expression of cocaine seeking. Thus, systemic pretreatment with either D1- or
D2-like receptor antagonists attenuates cocaine-seeking behavior elicited by prim-
ing injections of cocaine [217, 219, 224], discrete cues associated with prior cocaine
injections [217, 225], cues predictive of cocaine availability [213, 226], or exposure
to a cocaine-associated environmental context [227]. In monkeys, cocaine-primed
reinstatement is not reduced by the D3-preferring antagonists UH 232 and AJ-76
[219]. In rats, however, the D3 antagonist SB-277011-A reduces cocaine seeking
during initial extinction conditions [228], and reduces responding maintained
by cocaine-associated but not sucrose-associated cues with a second-order self-
administration schedule [229]. Similarly, the D3 antagonists SB-277011A and/or
NGB 2904 dose dependently attenuate cue-primed [230], cocaine-primed [138,
231], and footshock stress-primed [232] reinstatement of cocaine seeking following
extinction, without altering reinstatement of sucrose-seeking behavior [232]. Since
these compounds also reduce cocaine self-administration on progressive ratio self-
administration schedules, but fail to increase cocaine intake on fixed ratio schedules
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Fig. 17.3 (a) Left, systemic subcutaneous (sc) pretreatment with the highly selective D1-like
dopamine agonist SKF 81297 attenuates the ability of intravenous cocaine (2.0 mg/kg) priming
to reinstate cocaine-seeking behavior (non-rewarded responding on the drug-paired lever) in rats.
The priming injections of cocaine were given 30 min after pretreatment with SKF 81297 following
extinction of cocaine-seeking behavior in the reinstatement paradigm. Right, intraperitoneal (ip)
priming injections with the D2-like agonist 7-OH-DPAT trigger cocaine-seeking behavior (∗P <
0.05 compared to vehicle pretreatment). (b) When infused directly into the nucleus accumbens,
both D1- and D2-like agonists reinstate cocaine-seeking behavior in rats, with greater effects in the
medial core than medial shell subregions of nucleus accumbens (∗P < 0.05 compared to inactive
lever responses or vehicle-infused controls #P < 0.05). Reinstatement of non-rewarded lever-press
responding at the drug-paired lever is thought to model relapse behavior. Adapted with permission
from (a) Self et al. [139] and (b) Bachtell et al. [157]
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(unlike general D2-like antagonists), D3 receptors may play a distinct role in the
motivation for cocaine independent of regulation of cocaine intake as discussed in
Section 17.4.1.

17.5.2 Modulation of Cocaine Seeking by Dopamine Receptor
Subtypes: IntraCranial Administration

Although systemic D1-like agonist administration attenuates cocaine-seeking
behavior, infusion of SKF 81297 directly into the nucleus accumbens actually trig-
gers cocaine seeking in reinstatement paradigms [157, 233]. This effect involves
D1-like modulation of calcium/calmodulin-mediated kinase II and activation of
L-type calcium channels [234]. Nucleus accumbens infusions of D2-like ago-
nists also reinstate cocaine seeking [157, 233], an effect that may involve D2-like
receptor-mediated inhibition of cyclic AMP-protein kinase A signaling [235]. In
both cases, D1- and D2-like agonists induce more robust cocaine seeking when
infused into the medial core rather than the shell subregion as shown in Fig. 17.3b,
while lateral core infusions are ineffective [157, 233]. Such enhanced sensitivity of
dopamine receptor responses in the medial nucleus accumbens core may be impor-
tant for cocaine seeking elicited by cocaine-associated cues, since unanticipated
cues elevate dopamine levels in the core rather than shell [203, 236].

As shown in Fig. 17.4a, the reinstating effects of D2-like agonists in the nucleus
accumbens probably involve the D2 subtype, since the D3 agonist PD 128,907
and the D4 agonist PD 168,077 fail to mimic reinstatement of cocaine seeking
elicited by the D2-like agonist quinpirole [233]. Synergistic interactions between
D1- and D2-like receptors are demonstrated by the ability of subthreshold doses
of SKF 81297 and quinpirole to elicit far greater cocaine-seeking behavior when
co-infused in the nucleus accumbens than when infused alone (Fig. 17.4b) [237].
Similarly, cooperativity between D1- and D2-like receptors and a role for endoge-
nous dopamine receptor tone is indicated by the ability of the D1-like antagonists
to block cocaine seeking induced by D2-like agonists, while D2-like antagonists
block cocaine seeking induced by D1-like agonists, when co-infused in the nucleus
accumbens (Fig. 17.4c) [157, 237].

In contrast to direct activation of dopamine receptors, systemic priming
injections of cocaine preferentially elevate dopamine levels in the shell sub-
region of the nucleus accumbens [238, 239]. Blockade of either D1- or
D2-like receptors in the nucleus accumbens shell attenuates cocaine seek-
ing elicited by systemic cocaine priming injections [157, 240, 241]. Nucleus
accumbens infusions of the D3 antagonist U99194A and the D4 antagonist
L-750667 are ineffective [241]. However, nucleus accumbens infusion of the
D3 antagonist SB-277011A is effective at blocking reinstatement of cocaine
seeking induced by footshock stress [232], but SB-277011A fails to block
cue-maintained cocaine seeking on a second-order self-administration schedule
[242]. Since response-contingent cue presentation in second-order sched-
ules does not increase dopamine levels in the nucleus accumbens [236], it
is not clear whether local D3 blockade would attenuate reinstatement of cocaine
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Fig. 17.4 (a) Intranucleus accumbens shell infusions of the D2-like agonist quinpirole, but not the
D3 agonist PD 128,907 or the D4 agonist PD 168,077, elicit cocaine-seeking behavior in a rein-
statement paradigm in rats. Total number of responses (mean ± S.E.M.) on the drug-paired lever
differs from saline (∗P < 0.05). (b) Co-infusion of subthreshold doses of SKF 81297 and quin-
pirole into the nucleus accumbens shell reinstates cocaine seeking. Total number of drug-paired
lever responses differs from either SKF 81297 or quinpirole alone (∗P < 0.05). (c) Cross blockade
of reinstatement induced by intra-accumbens D1- and D2-like agonists by D1- and D2-like antago-
nists. Co-infusion of SCH 23390 or eticlopride in the nucleus accumbens blocks SKF 81297- and
7-OH-DPAT-induced reinstatement of cocaine seeking. #P < 0.05 compared to vehicle/agonist co-
infused controls. Adapted with permission from (a) Schmidt et al. [233], (b) Schmidt and Pierce
[237], and (c) Bachtell et al. [157]
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seeking induced by unanticipated cues that do elevate nucleus accumbens dopamine.
In any event, it appears that D1- and D2-like receptor stimulations in the nucleus
accumbens is both sufficient and in most cases necessary for induction of cocaine-
seeking behavior. Given the ability of systemic D3 antagonist administration to
block cocaine- and cue-mediated cocaine seeking, these findings suggest that
D3 receptors in other brain regions may be involved, while D3 receptors in the
nucleus accumbens could play a role in stress-induced relapse. Conversely, the fail-
ure to block cue- and cocaine-primed cocaine seeking with nucleus accumbens
infusions of D3 antagonists indirectly implicates D2 receptors in these behav-
iors, since D4 receptors are only marginally expressed in the nucleus accumbens
[110, 111]. Clearly, further investigation with multiple and selective D3 ligands is
needed.

Reinstatement of cocaine seeking by response-contingent cues is blocked by
local infusion of the D1-like receptor antagonist SCH 23390 in the amygdala, while
the D2-like antagonist raclopride is ineffective [243]. However, amygdala infu-
sions of the D3 antagonist SB-277011A reduce cue-maintained responding using a
second-order self-administration schedule [242]. These results suggest that D1-like
and D3 receptors in the amygdala may be critical for the expression of conditioned
reward mediated by cocaine-associated cues, similar to their role in the formation
of these associations during conditioning as discussed in Section 17.3.3. Cocaine-
primed reinstatement of cocaine seeking also is blocked by amygdala infusions of
the D1-like antagonist SCH 23390 [162].

Modulation of neocortical dopamine receptors also regulates cocaine-seeking
behavior. Local blockade of D1- or D2-like receptors in the medial prefrontal cor-
tex with SCH 23390 and eticlopride, respectively, attenuates cocaine-primed relapse
to cocaine seeking without affecting food self-administration [244]. Another study
found no effect when specifically targeting the prelimbic subregion with SCH
23390 and raclopride [245]. However, this study found that blockade of D1-like,
but not D2-like, receptors in the medial prefrontal cortex attenuates relapse to
cocaine seeking induced by footshock stress. Cocaine- and cue-primed reinstate-
ment of cocaine seeking also is attenuated by D1-like blockade in the insular cortex
[162]. Interestingly, stimulation of D1-like receptors in the agranular insular area
of prefrontal cortex with SKF 81297 actually reduces cocaine seeking maintained
by cues on a second-order schedule of cocaine self-administration [246]. In this
sense, the agranular insular subregion of cortex represents the only brain site known
to date where a D1-like agonist attenuates cocaine seeking in a manner consis-
tent with systemic administration. However, focal D1-like receptor stimulation in
regions such as the nucleus accumbens may have different effects on limbic circuits
than when the same accumbens D1-like receptors are stimulated concomitant with
brain-wide D1-like receptor activation. For example, D1-like receptor stimulation of
prefrontal cortical afferents to nucleus accumbens alters the physiological response
to coincident D1-like receptor stimulation in nucleus accumbens neurons, produc-
ing excitatory rather than inhibitory effects [247]. If so, the behavioral responses
of such isolated and localized receptor activation could be epiphenomenal to more
natural situations.
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17.5.3 Modulation of Heroin, Nicotine, and Alcohol Seeking
by Dopamine Receptor Subtypes

Far fewer studies have been conducted on dopamine receptor involvement in relapse
behavior with other drugs of abuse. As found with cocaine-trained animals, rein-
statement of heroin-seeking behavior is induced by systemic administration of the
D2-like receptor agonist quinpirole, but only as long as animals remain sensitized
to D2-like receptor stimulation in withdrawal [19, 248]. Similarly, the D1-like ago-
nist SKF 82958 is ineffective and tends to reduce heroin seeking [211]. Systemic
pretreatment with the D1-like antagonist SCH 23390 or the D2-like agonist raclo-
pride blocks reinstatement induced by non-contingent heroin priming injections,
but fails to block relapse elicited by footshock stress [249]. However, generalized
blockade of both D1- and D2-like receptors with flupenthixol effectively blocks this
behavior [249], suggesting a role for dopamine in stress-induced relapse. Systemic
administration of SCH 23390, but not raclopride or the D3 antagonist NGB 2904,
attenuates reinstatement of heroin seeking induced by food deprivation [250], indict-
ing a specific role for D1-like receptors in the motivational effects of hunger on
heroin-seeking behavior. However, stimulation of D2-like receptors with 7-OH-
DPAT effectively reinstates food-seeking behavior in animals self-administering
food pellets, although D2-like antagonists fail to block food seeking elicited by
non-contingent priming with food pellets [251]. These results suggest that D2-
like receptor activation may underlie a fundamental mechanism for reward-seeking
behavior in the absence of primary reward, whereas both D1- and D2-like recep-
tors are necessary for expression of heroin seeking induced by heroin priming and
footshock stress.

Blockade of D1-like receptors in the nucleus accumbens shell reduces reinstate-
ment of heroin seeking induced by environmental contextual cues, whereas heroin
seeking elicited by discrete cues paired with prior heroin injections is reduced by
blockade of D1-like receptors in the nucleus accumbens core [252], consistent with
the ability of discrete cocaine-associated cues to induce dopamine release in the
core but not in the shell [236]. Cues that predict food availability will reinstate food-
seeking behavior, and this effect is blocked by local D1-like receptor blockade in the
nucleus accumbens [253].

Systemic administration of a novel D3 antagonist or SB-277011A attenuates
nicotine-primed reinstatement of nicotine seeking in rats, without affecting cue-
primed reinstatement or fixed ratio nicotine self-administration [178, 254]. Since
D3 antagonists also reduce nicotine self-administration on a progressive ratio
schedule (see Section 17.4.2), D3 receptors may be critical for the incentive moti-
vational effects of nicotine. Pretreatment with SB-277011A also blocks alcohol-
and cue-primed reinstatement of alcohol seeking in rats and mice [188, 255],
and the withdrawal-induced binge in alcohol consumption known as the alcohol
deprivation effect [255]. More generalized D2-like receptor blockade with remox-
ipride reduces alcohol-seeking behavior under initial extinction conditions at doses
that have no effect on instrumental responding for alcohol [184]. The effects of
systemic remoxipride on alcohol seeking are recapitulated by infusions of raclopride
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directly into the nucleus accumbens at doses that have no effect on alcohol
consumption [256, 257]. D1- and D2-like antagonists also attenuate alcohol seeking
induced by cues that predict alcohol availability in rats [258], and the D1-like antag-
onist SCH 23390 blocks renewal of alcohol seeking elicited by an environmental
context associated with alcohol self-administration [259]. These findings suggest
that both D1- and D2-like receptors, potentially in the nucleus accumbens, are
important for relapse to nicotine- and alcohol-seeking behavior, similar to cocaine
relapse. A role for D3 receptors in the motivation for nicotine and alcohol during
withdrawal also is strongly indicated.

17.6 Future Directions

With the advent of subtype-selective ligands and knockout mice, a vast body of
work on dopamine receptor function in natural and drug reward and in relapse to
drug-seeking behavior has accumulated in the past two decades. An equally expan-
sive literature has shown that chronic drug and alcohol use can change the amount
of D1- and D2-like receptors in specific brain regions in animals and more recently,
in humans using neuroimaging procedures. A major challenge for future work will
involve integrating observed changes in the amount of dopamine receptors in spe-
cific brain regions with changes in dopamine receptor regulation of reward and
relapse. The breadth of our current knowledge will facilitate this integration, but
it is important for future research to track changes in the biochemical, physiolog-
ical, and behavioral responses mediated by D1- and D2-like receptors as animals
transit from initial drug self-administration to more addicted biological states. It is
also important to identify premorbid alterations in D1- and D2-like receptors that
predispose individual vulnerability to drug and alcohol addiction.

For example, decreases in the amount of D2-like receptors in the nucleus accum-
bens of rats are predictive of impulsive behavior and early escalation of cocaine
self-administration [260], whereas increases in D2-like receptors that accompany
social dominance in monkeys are associated with resistance to initial propensity
for cocaine self-administration [261]. After self-administration is initiated, pro-
longed daily access to drugs leads to profound escalation in drug intake, along
with a greater propensity for relapse to drug seeking [126, 262, 263]. Animals
that escalate cocaine self-administration also show enhanced sensitivity to the
rate-altering effects of generalized dopamine receptor blockade on a fixed ratio
self-administration schedule[264] suggesting a loss of D1- and/or D2-like dopamine
receptor function with the transition to addiction. These results are consistent with
enduring reductions in cortical and striatal D2-like receptors that are found in human
cocaine, methamphetamine, heroin, and alcohol addicts [265–268].

These decreases in D2-like receptors are intriguing given that D2-like recep-
tor stimulation triggers relapse to drug-seeking behavior as discussed above.
Furthermore, animal data clearly show that chronic cocaine or heroin self-
administration [211, 216, 248], and opiate withdrawal [269], increases sensitivity
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to D2-like receptor-mediated behaviors. Similarly, rats with higher preferred levels
of cocaine intake are more sensitive to D2-like agonist-induced relapse to cocaine
seeking [216], consistent with the development of greater sensitization in D2-like
receptor responses in more addicted biological states. Conversely, rats with lower
preferred levels of cocaine intake are more sensitive to the ability of a D1-like
agonist to suppress cocaine-primed relapse to cocaine-seeking behavior [216],
potentially reflecting a compensatory neuroadaptation that prevents low intake ani-
mals from developing a more addicted phenotype. These opposing differences in
D1- and D2-like receptor regulation of cocaine seeking are paralleled by changes in
the unconditioned locomotor response to D1- and D2-like receptor challenge after 4
weeks withdrawal, where both D1- and D2-like receptors mediate directionally sim-
ilar behavioral effects (Fig. 17.5a–b). Furthermore, higher levels of cocaine intake
are positively correlated with sensitization in D2-like receptor responsiveness after 4
weeks withdrawal from self-administration, and negatively correlated with changes
in D1-like receptor responsiveness (Fig. 17.5c).

Thus, a challenge for future work will be to relate changes in the amount of D1-
and D2-like receptors in human drug abusers or in animal studies to seemingly dis-
crepant changes in behavioral responses mediated by dopamine receptors in animal
models of drug addiction. One possible explanation for these discrepancies could
involve the finding that chronic drug administration increases the amount of high
affinity (G protein-coupled) D2-like receptors in striatal regions, despite decreases
in the total amount of D2-like receptors [270–273]. Thus, drug-induced neuroadap-
tations that reduce the total amount of D2-like receptors often are associated with
increases in the amount of functional D2-like receptors. It would be interesting to
determine whether the amount of functionally coupled D2-like receptors parallels or
diverges from sensitization in D2-like receptor-mediated relapse in the same study.
In this regard, decreases in the amount of total D2-like receptor binding in striatal
subregions in human cocaine abusers fail to correlate with cocaine-induced eupho-
ria or cocaine-primed self-administration [274], which could reflect an inability to
measure functionally coupled D2-like receptors in vivo.

�

Fig. 17.5 Differential development of D1- and D2-like receptor sensitization in low and high
intake rats during withdrawal from chronic cocaine self-administration. (a) Low intake animals
develop D1-like receptor sensitization from early to late withdrawal, whereas high intake animals
develop greater D2-like receptor sensitization. Data in top panels show changes in cumulative
locomotor responses for dose–response tests (0.1–1.0 mg/kg) with the D1-like agonist SKF 81297
and the D2-like agonist quinpirole conducted before self-administration (pretest) and at early (2–3
days) and late (28–29 days) withdrawal (WD) times. (b) Locomotor dose–response data for low
and high intake animals challenged with the D1-like and D2-like agonists at late withdrawal.
Asterisks indicate that high differ from low intake animals ∗p < 0.05, ∗∗ p < 0.01. (c) Average
daily cocaine intake during the last 6 days of acquisition training is negatively correlated with
the change (�) in D1 responsiveness from early to late withdrawal (r = –0.507, p = 0.001), but
positively correlated with the change in D2 responsiveness (r = 0.686, p < 0.001) among indi-
vidual animals based on cumulative locomotor responses in dose–response tests. Reproduced with
permission from Edwards et al. [216]
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Given that D1- and D2-like receptors play such integral roles in reward and
relapse behavior, alterations in these receptors due to genetic or environmental fac-
tors will remain a major focus for addiction research. It is increasingly apparent that
changes in the amount of D1- and D2-like receptors in drug and alcohol addiction
belie a straightforward interpretation that integrates these findings with their func-
tional roles in reward and relapse phenomena. More work is needed to compare
changes in the amount of receptors with changes in D1-like and D2-like recep-
tor function using biochemical and physiological measures. It is imperative that
findings from multiple approaches ultimately converge with changes in behavioral
responses mediated by D1- and D2-like receptors before an unambiguous under-
standing of alterations in dopamine receptor function in drug and alcohol addiction
can be appreciated.
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Chapter 18
Dopamine Receptors and the Treatment
of Parkinson’s Disease

Eugenia V. Gurevich and Vsevolod V. Gurevich

Abstract Parkinson’s disease is a devastating disorder caused by progressive
degeneration of dopaminergic neurons in the substantia nigra and the consequent
loss of dopamine in the striatum. Dopamine replacement therapy with the dopamine
precursor levodopa (L-DOPA), introduced in the 1960s, remains the most effective
treatment. Unfortunately, L-DOPA, upon long-term administration, gradually loses
its efficacy and eventually leads to severe motor complications, including dyski-
nesia. The data from numerous studies on Parkinson’s patients and animal models
of the disease show a complex pattern of changes in multiple signaling pathways
in the striatum induced by dopamine depletion. These include modulation of the
expression and activity of several subtypes of dopamine receptors, G proteins, effec-
tors, multiple protein kinases, components of the machinery for desensitization and
trafficking of G protein-coupled receptors, ionotropic glutamate receptors, and tran-
scription factors. Dopamine replacement therapy reverses many of these changes.
However, select signaling effects are exacerbated and/or induced de novo by chronic
treatment with L-DOPA. The L-DOPA-induced dyskinesia appears closely asso-
ciated with selective increases in the activity of specific D1 receptor-dependent
pathways. The contribution of D2 and D3 receptor-mediated signaling to dyski-
nesia development remains largely unexplored. The mechanisms underlying the
further enhancement by L-DOPA of signaling pathways already made supersensitive
by dopamine depletion need to be elucidated. The recently introduced long-lived
dopamine agonists cause less dyskinesia than L-DOPA but are also less efficacious
as antiparkinsonian agents. The clinically used DA agonists, which target D2-like
receptors and often show preference for the D3 over D2 subtype, in addition to their
antiparkinsonian action, may protect surviving dopaminergic neurons. Continuous
delivery of L-DOPA or dopamine agonists, which mimics the physiological tonic
stimulation of dopamine receptors, holds the promise of providing therapeutic ben-
efits with minimal side effects. A much better understanding of the molecular
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processes underlying the therapeutic action of dopaminergic drugs and the devel-
opment of dyskinesia is necessary in order to modify existing treatments and/or
devise new approaches to maximize the beneficial effects of dopamine replacement
and minimize the side effects.

Keywords Parkinson’s disease · L-DOPA · Dyskinesia · Motor complica-
tions · Sensitization · Receptor supersensitivity

18.1 Dopamine Receptors in the Pathology of Parkinson’s
Disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized
by bradykinesia or akinesia, resting tremor, and muscle rigidity. These symptoms are
often accompanied by changes of posture, gait, and sleep; autonomous disturbances;
cognitive decline; and depression as the disease progresses. The main underlying
pathology in PD is the death of dopaminergic neurons in the substantia nigra pars
compacta. These neurons project to the striatum, and their demise results in the loss
of dopamine (DA) in the striatum. DA exerts a critical modulatory influence over the
striato-thalamo-cortical circuit. DA depletion in the striatum enhances overall stri-
atal output, bringing about excessive inhibition of the excitatory thalamo-cortical
projections. As a result, the motor cortical output is reduced, leading to the paucity
of voluntary movements in PD patients [1]. This model is applicable to akinesia.
Another major symptom of PD, rest tremor, has a somewhat different, and poorly
understood, pathophysiology. Tremor is caused by nigrostriatal deficits, but its gen-
eration involves extrastriatal areas such as the cerebellum and thalamus [2]. Due to
difficulties of reliably modeling tremor in animals [3], no studies have yet been per-
formed addressing the molecular mechanisms of parkinsonian tremor. Therefore,
we will confine the discussion to the mechanisms of akinesia.

Obviously, the best treatment of PD would be prevention of the degenera-
tion of dopaminergic neurons, or, at least, an arrest of their loss at early stages.
Unfortunately, no means to achieve these goals are available at the moment. Some
of the DA agonists used to alleviate parkinsonian features have shown neuroprotec-
tive properties improving survival of dopaminergic neurons in culture and animal
models of PD. Currently, though, attempts to compensate for the diminishing pro-
duction of endogenous dopamine are the prevailing therapeutic strategy. Although
DA receptor agonists are used for this purpose, the most common and effective
replacement is achieved with the dopamine precursor levodopa (L-DOPA). Two
problems develop over the years as a result of L-DOPA treatment: (1) its ther-
apeutic effectiveness gradually decreases and (2) patients develop severe motor
complications. Attempts to alleviate these unwanted effects simply by varying the
doses and delivery regimens of L-DOPA and/or DA agonists do not appear to
solve these problems. To design effective therapies with minimum side effects,
we need a detailed understanding of the molecular mechanisms of dopaminergic
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signaling in the normal brain, as well as of the changes in DA-driven signaling
pathways induced by DA depletion in PD and by different types of DA replace-
ment therapy. Therefore, here we primarily focus on DA-mediated signaling and its
modulation in PD, with the objective of reconstructing a coherent picture from the
rather fragmentary information and identifying gaps in our knowledge that need to
be filled.

18.1.1 Expression Pattern of DA Receptors in the Forebrain
of Rodents and Primates

DA acts via five subtypes of G protein-coupled DA receptors. Two of the receptors
belong to the D1-like subfamily (D1 and D5) and three to the D2-like subfamily
(D2, D3, and D4). D1-like receptors couple to Gαs/Gαolf and induce accumulation
of cyclic adenosine monophosphate (cAMP), whereas D2-like receptors couple to
Gαi/Gαo and inhibit cAMP production. The D1 subtype is the main D1-like receptor
expressed at a very high level in the striatum (Fig. 18.1). D1 receptors are largely
localized on the striatal medium spiny neurons, projecting to the internal segment
of the globus pallidus and the substantia nigra pars reticulata (direct striatal output
pathway), which also express the neuropeptides substance P and dynorphin [4–6].
D1 receptors are also expressed at moderate levels throughout the cortex [7, 8].
D2 receptors are highly abundant in the caudate nucleus, putamen, and nucleus
accumbens (Fig. 18.1). In the striatum, they are located on a different population of
medium spiny neurons than those expressing D1 receptors. D2 receptors are found
on neurons expressing enkephalin and projecting to the globus pallidus external
(indirect pathway) [4, 9, 10]. D2 receptors are also localized presynaptically on
nigrostriatal dopaminergic terminals and on the substantia nigra neurons [11–14].
D2 receptors are found at low levels throughout the cortex [7]. D2 receptors located
on presynaptic corticostriatal terminals inhibit striatal glutamate release [7, 15, 16].

The experimental support for the model of segregated localization of the two
major DA receptor subtypes is somewhat mixed. Double in situ hybridization
labeling studies invariably demonstrate practically exclusive expression of D1 recep-
tors in substance P/dynorphin-positive neurons and expression of D2 receptors in
enkephalin-positive neurons [5, 9, 17, 18]. However, physiological, histochemi-
cal, and single cell PCR studies demonstrate co-expression of D1 and D2 subtypes
[19, 20], although the estimates of the degree of co-expression vary from 10–25
to 100%. It is equally unclear whether the direct pathway neurons express only
substance P and dynorphin and whether the indirect pathway neurons express exclu-
sively enkephalin. Another source of controversy is that the segregation of the
direct and indirect pathways is incomplete. Most striatal output neurons in both
the rodent and the primate brain extensively collateralize, often sending collateral
projections to all striatal output targets [10, 21, 22]. Thus, it is no longer possible to
adhere to the simplistic model of complete segregation of D1 and D2 DA receptors.
Nonetheless, in situ hybridization experiments convincingly demonstrate that D1
receptor mRNA is present at a high level in approximately half of striatal medium
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Fig. 18.1 Changes in the dopamine receptor number in Parkinson’s disease. Schematic illus-
trations of alterations in dopamine receptors in the primate, including human, brain following
dopamine depletion or in Parkinson’s disease. The concentrations of the proteins are color-coded:
darker colors denote higher density of the proteins. TH box (top left): The density of dopamin-
ergic terminals in the striatum in the normal brain (CO) and loss of dopaminergic innervation in
Parkinson’s disease (PD) at the rostral (left) and caudal (right) levels. The expression of the D1
(D1R box), D2 (D2R box), and D3 (D3R box) dopamine receptors in the normal primate striatum
(CO) is shown at different rostro-caudal levels. The alterations in the receptor densities specific
for PD, chronic L-DOPA treatment (regardless of the presence of dyskinesia), or overt dyskinesia
(Dysk) are also shown. D3R Rat box: The expression of the D3 receptor in the brain of the hemi-
parkinsonian rat is shown (upper image): Intact – the intact hemisphere; Lesioned – the hemisphere
depleted of dopamine with 6-hydroxydopamine. Lower image – alterations in the D3 receptor den-
sity induced by chronic L-DOPA treatment (in comparison with the saline treatment; upper image).

Abbreviations: c – the core subdivision of the nucleus accumbens (dashed outline); CN – cau-
date nucleus; CO – control subjects; CPu – caudatoputamen; DOPA – the group chronically treated
with L-DOPA; Dysk – the group of subjects displaying overt dyskinesia; GPe – external segment
of the globus pallidus; GPi – internal segment of the globus pallidus; ICjm – island of Calleja
magna; NAC – nucleus accumbens; PD – subjects with Parkinson’s disease or drug-naïve animals
following dopamine depletion by toxins; PU – putamen; sh – the shell subdivision of the nucleus
accumbens.

spiny neurons, whereas the remaining half shows no detectable signal. Similarly, a
non-overlapping population of striatal neurons expresses high levels of D2 mRNA.
Since there is no reason to disregard these findings, an explanation consistent with
all available data would be that the D1 and D2 receptors are expressed at a high
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level by substance P/dynorphin- and enkephalin-positive neurons, respectively, but
many neurons express the “wrong” receptors at lower levels. This explanation would
account for single cell PCR data as well as for physiological data showing that most
striatal neurons respond to both D1 and D2 agonists [19, 20, 23]. The D1 and D2
receptors co-expressed on the same striatal neurons may have differential subcellu-
lar distribution resulting in the subtype-specific role in the striatal function [23]. It
is important to remember that most of these data come from studies of the rodent
brain. There is evidence that a similar distribution exists in the brain of non-human
primates [4, 10], but no direct evidence has been produced so far for the human
brain. D2, but probably not D1, receptors localize to cholinergic striatal interneurons
[11, 24, 25] in both the rodent and the primate brains and may play an important reg-
ulatory role via these neurons in the normal and diseased brain [26]. D2 receptors
are also found throughout the neocortex and hippocampus [7, 8, 27].

The D3 DA receptor is another member of the D2-like subfamily. It is often
said that it has a more restricted distribution than the D2 receptor. Indeed, in the
rodent brain, D3-binding sites and mRNA are detectable in a limited number of
brain regions: the nucleus accumbens, mostly rostral pole and shell subdivisions,
the islands of Calleja, the olfactory tubercle, the ventral pallidum, and at low lev-
els in the striatum [11, 28, 29]. However, the pattern of D3 receptor expression
in the primate brain is quite different from that in the rodent (Fig. 18.1). In pri-
mates, including humans, D3 receptors are seen throughout the striatum, although
they are most abundant in the nucleus accumbens [8, 11, 30–32]. D3 receptors are
also detected in the globus pallidus, particularly the internal segment (where they
are undetectable in rodents), anterior thalamus, amygdala, and throughout the cor-
tex and hippocampus [11, 32]. The concentration of D3 receptors in the striatum
in the human brain is approximately 30% of that of D2 receptors, whereas in the
rodent brain it is barely 5% [11, 31]. In the rat and human brain, D3 receptors co-
localize with both D1 and D2 receptors [11, 20, 33]. Functional importance of the
D3 receptor stems from its high affinity to most D2 agonists, including the endoge-
nous agonist DA [29]. Thus, many DA agonists used in the treatment of PD are
D3-preferring drugs targeting the D3 receptor more than the D2 [34].

Pharmacological properties of the D3 receptor are peculiar. In contrast to the D2
receptor, the D3 receptor is not converted into the low-affinity state by GTP and
there is little difference in the affinity of agonists to the D3 receptor in the pres-
ence or absence of GTP [35]. This feature has been extensively used to achieve
selective labeling of the D3 receptor in radioligand-binding experiments [11, 12, 31,
35]. Originally, when the receptor was first cloned, this phenomenon gave rise to
the idea that the D3 receptor is not functional. Indeed, it proved difficult to define
the signal transduction pathways activated by the D3 receptor and attribute spe-
cific functions to it. However, D3 certainly plays a functional role, which is yet
to be understood. An interesting feature of the D3 receptor is its expression in the
proliferative zones during prenatal and early postnatal development [12, 36, 37]
and the transient expression in the primary sensory cortical areas during postnatal
development [38, 39]. This expression pattern suggests a role for the D3 receptor in
neurogenesis and brain maturation.
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Much less is known about the distribution of the other two DA receptors in the
brain. The D2-like D4 receptor is largely found in extrastriatal areas, the septum,
thalamus, cortex, and hippocampus [8, 27]. D4 receptors are present in both pop-
ulations of the striatal output neurons at a modest level [20, 40, 41] but are not
detectable in striatal interneurons [40]. The D1-like D5 receptor has been detected
in the striatum, where it has a somewhat different subcellular distribution than its
closest relative the D1 receptor, localizing more to dendritic shafts, whereas the D1
subtype is found more often on dendritic spines [24, 42]. D5, but not D1, receptors
are expressed by most cholinergic striatal interneurons [24, 25, 43, 44] as well as
by parvalbumin-positive [43] and nitric oxide-positive [45] interneurons. The D5
receptor is also found in the hippocampus and cortex of the human brain, as well as
in the substantia nigra, thalamus, and cerebellum [24, 27, 44].

18.1.2 Changes in Dopamine Receptor Expression
in Parkinson’s Disease

In PD, when dopaminergic neurons degenerate and the brain is deprived of DA, DA
receptors undergo multiple plastic changes (Fig. 18.1). One type of alteration that
is easy to measure and that has been studied extensively is the change in receptor
expression. D2 receptors located on nigrostriatal terminals are obviously lost when
the terminals degenerate, which leads to a reduction in the D2 receptor concen-
tration in the striatum. However, most studies found that the concentration of D2
receptors increases in the striatum of patients with PD (detected by live imaging
methods) [46–54] or at postmortem [55–58], as well as in animal models of PD
[59–62]. These data suggest compensatory up-regulation of postsynaptic D2 recep-
tors (and, possibly, presynaptic receptors on the remaining nigrostriatal terminals).
The magnitude of this increase is quite modest (20–50%). With less severe DA
depletion in MPTP-treated monkeys, a down-regulation of D2 receptors is detected,
apparently reflecting the loss of presynaptic D2 receptors, which in this case is not
masked by the up-regulation of postsynaptic receptors observed after extensive DA
depletion [63]. There have been conflicting reports regarding changes in the expres-
sion of striatal D1 receptors in the parkinsonian brain, but most studies found no
significant changes or a slight decrease in the D1 receptor number [46, 52, 56, 59,
62, 64]. In the rat, D3 receptors in the nucleus accumbens and striatum decrease
following DA depletion [60, 65–67]. Most studies found a similar decrease in the
striatum of monkeys depleted of DA by treatment with the neurotoxin 1-methyl
4-phenyl 1,2,3,4-tetrahydropyridine (MPTP) [30, 68] and parkinsonian patients at
postmortem [57, 58]. No information is currently available about changes in the
concentration of striatal D4 or D5 receptors induced by DA depletion.

The striatum receives the bulk of dopaminergic projections, and striatal neurons
express DA receptors at high levels. In PD, there is a strict pattern of degenera-
tion of dopaminergic cells, with neurons of the ventral tier of the substantia nigra
pars compacta projecting to the dorso-lateral striatum being the most vulnerable
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[69–71]. Thus, the highest degree of DA depletion is seen in the dorso-lateral puta-
men [72, 73], and DA receptors are most likely to change in this region (Fig. 18.1).
The dopaminergic neurons of the mesolimbic and mesocortical systems are rela-
tively spared in PD, resulting in less pronounced or minimal loss of DA in other
brain regions. Among cortical regions, only the prefrontal cortex has relatively
dense dopaminergic innervation, and it is unknown how much it is affected by
dopaminergic degeneration in PD. Human postmortem studies found no changes
in the concentration of DA receptors in extrastriatal regions of the basal ganglia [55,
58]. Imaging studies detected reduced densities of D2 receptors in selected cortical
areas [74].

18.1.3 Modifications of Dopamine Receptor Signaling
in Parkinson’s Disease

The most striking change in the function of DA receptors brought about by the loss
of DA is their supersensitivity. This supersensitivity, first described by Ungerstedt
[75], in rats unilaterally lesioned with the dopaminergic toxin 6-hydroxydopamine
(6-OHDA), manifested itself as rotations induced by dopaminergic drugs at doses
10–100 times lower than those required to cause noticeable behavioral effects in
intact animals. This model, the hemiparkinsonian rat, was to become the most
important animal model of PD for molecular and signaling studies, since it allowed
for the comparison of signaling events between the intact and the dopamine-depleted
striatum in the same animal. When hemiparkinsonian animals are injected with
direct DA agonists such as apomorphine or the DA precursor L-DOPA, they rotate
contralaterally to the lesioned side, but the animals rotate ipsilaterally upon injec-
tion of the indirect agonist amphetamine, which induces the release of endogenous
DA. The widely accepted interpretation for these observations is that dopaminergic
drugs induce activation seen as rotations due to the imbalance in dopaminergic activ-
ity between the intact and the lesioned hemispheres. Thus, the animals rotate away
from the side of stronger stimulation. The DA releaser amphetamine stimulates the
intact side, where endogenous DA is present, whereas direct DA agonists stimulate
the lesioned side, where DA receptors are supersensitive. Similarly, the locomotor
response to dopaminergic stimulation is supersensitive in DA null mice (in which
the gene of tyrosine hydroxylase, the rate-limiting enzyme in the DA biosynthesis,
is inactivated) [76].

18.1.3.1 Changes in the Responsiveness of Signaling Pathways Caused by DA
Depletion

The stimulation of DA receptors in the DA-depleted striatum produces exagger-
ated molecular responses, which presumably underlie the supersensitive behavioral
response (Fig. 18.2). Multiple reports showed enhanced DA-induced activity of
adenylyl cyclase and suggested that elevated accumulation of cAMP underlies the
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Fig. 18.2 Alterations in the dopamine D1 receptor signaling following dopamine depletion.
Schematic representation of the putative mechanisms of the D1 receptor supersensitivity induced
by dopamine depletion. Loss of D1 receptor stimulation following DA depletion results in specific
alterations of the expression of multiple proteins. Short black arrows pointing up or down next to
the protein symbols indicate an increase or decrease in the basal expression; arrows next to the
phosphorylation sites indicate changes in the basal phosphorylation level at the sites; pairs of up
and down arrows indicate that there are published reports of up- as well as down-regulation. Many
pathways with unaltered basal activity respond with a stronger signal to acute dopaminergic chal-
lenge. Known stimulatory signaling connections are indicated by solid arrows (the arrow between
Akt and GSK3 depicts the Akt-mediated phosphorylation of GSK3, which inhibits the GSK3 activ-
ity); the inhibitory connection between DARPP-32 and PP-1 is indicated; dashed arrows indicate
hypothetical connections. Since all signaling proteins have multiple substrates, the possibilities for
the propagation of supersensitivity are indicated by open arrows. Note that there is no direct evi-
dence that changes in NMDA receptors occur in D1-bearing neurons. They are shown here because
they follow the same general pattern as other D1 receptor-mediated changes
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circling behavior in hemiparkinsonian rats [77–83]. Elevated DA-stimulated accu-
mulation of cAMP was found in the striatum of PD patients [81, 84]. Downstream
targets of cAMP-dependent phosphorylation are also affected (Fig. 18.2). In
6-OHDA-lesioned rodents, the phosphorylation level of the DA- and cAMP-
regulated phosphoprotein 32 kD (DARPP-32) at Thr34, which is the substrate of
protein kinase A (PKA), in response to acute dopaminergic stimulation by L-DOPA
is dramatically increased in the lesioned striatum without changes in the basal level
of DARPP-32 phosphorylation [85]. The level of phosphorylation of another PKA
substrate, the GluR1 subunit of the AMPA receptor, is also increased at the PKA site
Ser845 in response to acute dopaminergic challenge without changes in the phos-
phorylation level at the calcium/ calmodulin-dependent protein kinase II (CaMKII)
site Ser831.

DARPP-32 is an important component of the DA signaling, particularly in
the striatum, where it is expressed at a high level in medium spiny neurons
[86]. DARPP-32 activity is regulated by phosphorylation at multiple sites. It is
phosphorylated by PKA at Thr34, which converts it into an inhibitor of protein
phosphatase-1 [87, 88]. By inhibiting the dephosphorylation of proteins phosphory-
lated by PKA, DARPP-32 creates positive feedback for the D1 receptor-mediated
signaling. Stimulation of D1 receptors enhances DARPP-32 phosphorylation at
Thr34, and deactivation of DARPP-32 blunts the D1-mediated signaling and sup-
presses the D1 behavioral effects [88]. The DARPP-32-based positive feedback
loop for the D1 receptor signaling includes an additional component aimed at pro-
moting PKA function. DARPP-32 is phosphorylated at Thr75 by cyclin-dependent
kinase 5 (cdk5), which converts it into an inhibitor of PKA [89]. DA acting via D1
receptors and PKA reduces DARPP-32 phosphorylation at Thr75 [90], thus remov-
ing the inhibition and promoting PKA-mediated signaling. In the DA-depleted
striatum, the basal level of DARPP-32 phosphorylation at Thr75 is elevated [91],
as should be expected. These data suggest that in the DA-depleted striatum the
D1 receptor-mediated signaling is enhanced at many levels, leading to exagger-
ated behavioral responses to D1 drugs. D2 receptor activation reduces the level of
DARPP-32 phosphorylation at Thr34 via inhibition of PKA and activation of cal-
cium/calcineurin signaling [92]. Loss of DARPP-32 results in a reduction in D2
receptor-mediated behavioral effects, such as raclopride-induced catalepsy [88]. The
fact that in the denervated striatum challenged with dopaminergic drugs the level
of DARPP-32 phosphorylation is enhanced suggests that the D1 supersensitivity
predominates, outweighing the D2 signaling, at least within this specific molecular
pathway.

Dopaminergic activation induces a 2–3 times higher level of phosphorylation
of extracellular signal-regulated kinases 1 and 2 (ERK1/2) in the DA depleted as
compared to the intact striatum [18, 60, 76, 85]. L-DOPA does not alter ERK1/2
phosphorylation in the intact striatum but strongly activates it following dopaminer-
gic denervation [60, 76, 85]. The supersensitive ERK1/2 response in the denervated
striatum has been shown to be mediated by D1 receptors [18, 93] and, presum-
ably, by PKA. The ERK1/2 activation is influenced by DARPP-32, since ERK1/2
supersensitivity to acute L-DOPA is attenuated in DARPP-32 null mice [85]. The
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dopaminergic denervation results in elevated phosphorylation of Akt (at both Thr34
and Ser375) and its substrate glycogen synthase kinase 3α and β (GSK3α,β) in
response to acute administration of the D1/D2 agonist apomorphine in the 6-OHDA
rat model of PD [60].

The denervation-induced supersensitivity of DA receptors can be demonstrated
easily and reliably in the hemiparkinsonian rat model of PD. However, it is much
more difficult to detect in other animal models of PD, and next to impossible in
human patients. In the MPTP monkey model of PD, the lesion produced by sys-
temic administration of the dopaminergic neurotoxin MPTP is bilateral and results
in akinesia similar to that seen in advanced PD patients. Dopaminergic stimula-
tion alleviates akinesia, thus producing an antiparkinsonian effect. Monkeys with
unilateral lesions produced by a single injection of MPTP into the carotid artery
exhibit contralateral circling behavior in response to L-DOPA or DA agonists [94]
indicative of functional DA receptor supersensitivity on the lesioned side. Increased
DA-stimulated adenylyl cyclase activity has been reported in patients with PD at
postmortem [81, 84], but since all patients come for the autopsy after having been
treated with L-DOPA for years or even decades, it cannot be ascertained whether this
enhancement is due to denervation, L-DOPA treatment, or the combination of both.
The degree of enhancement is usually not impressive, hovering around 50–60%.

In the MPTP monkey model, it is possible to separate the effects of L-DOPA
treatment from those caused by DA denervation. Denervation leads to an enhanced
stimulation of adenylyl cyclase activity by DA in L-DOPA-naïve MPTP-lesioned
primates [81] and enhanced [35S]GTPγS binding induced by the D1 agonist
SKF38393 [95] indicative of an increased D1 receptor coupling to G protein.
Similarly to the rodent data, ERK phosphorylation and expression is increased in
the striatum of MPTP-treated monkeys [96], possibly as a result of receptor super-
sensitivity. In common marmosets unilaterally lesioned with 6-OHDA, L-DOPA
elicits strong activation of c-fos and c-jun expression in the lesioned hemisphere,
which is undetectable on the intact side [97]. However, the experiments necessary
to detect DA receptor supersensitivity, such as acute injection of dopaminergic drugs
and rapid detection of changes, are rarely performed in monkeys for practical rea-
sons. Therefore, the supersensitivity of the multiple signaling pathways known to
be super-responsive in hemiparkinsonian rats remains unproven in the parkinsonian
primate brain, although there is no compelling reason to suppose that the situation
there is substantially different than in the rodent.

18.1.3.2 The Effects of Dopamine Depletion on Transcription Factors

The lesion-induced supersensitivity of DA receptors causes strong activation of mul-
tiple genes in the striatum in response to acute dopaminergic stimulation. Many
of these genes are transcription factors belonging to the fos (c-fos, FosB, ΔFosB,
fra-1, fra-2) and jun (c-jun, JunB, JunD) gene families. The protein products of
these genes, Fos and Jun, heterodimerize to form Fos/Jun, or homodimerize forming
Jun/Jun complexes, collectively known as activator protein-1 (AP-1) transcription
factors, which can bind to AP-1 consensus sites on target genes and regulate their
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transcription [98]. The transcriptional activity of AP-1 depends heavily on the actual
composition of the complex, posttranslational modifications, and interactions with
regulatory proteins [99]. Many of these genes are termed immediate early genes
(IEG) because their transcription is rapidly induced by acute challenges and just as
rapidly deactivated within a few hours. The activation of these genes can be easily
detected by in situ hybridization or immunohistochemistry and has been extensively
used as a general indicator of neuronal activation following various stimuli. It was
found that the level of activation of the gene expression in the DA-deprived stria-
tum of hemiparkinsonian rats is many times stronger than on the intact side [97,
100–102].

The cAMP response element-binding protein (CREB) is a transcription factor
activated via cAMP- or Ca2+-dependent phosphorylation at Ser133 by multiple pro-
tein kinases [103, 104]. Acute L-DOPA injection induces a substantially higher level
of CREB phosphorylation in the lesioned than in the intact striatum [105, 106]
indicative of supersensitivity. The supersensitive CREB response to L-DOPA is
reproduced by D1 but not D2 agonist and blocked by D1 antagonist, demonstrat-
ing the supersensitivity of D1 receptors in the DA-depleted striatum [106]. The
increased transcription of c-fos in the lesioned striatum induced by dopaminergic
stimulation may reflect increased activation of CREB, since CREB activation has
been shown to regulate drug-induced c-fos expression [104, 105, 107]. At the same
time, it has been reported that in the lesioned striatum, in contrast to the intact brain,
CREB does not participate in the induction of c-fos transcription [108], which would
leave supersensitive c-fos induction unaccounted for. Interestingly, knockdown of
CREB exacerbated the behavioral effects of L-DOPA in hemiparkinsonian rats
[108], suggesting that supersensitive CREB activation is not the cause of behavioral
supersensitivity but rather its negative regulator.

18.1.3.3 Changes in the Basal Activity or Expression of Signaling Proteins

In addition to the lesion-induced supersensitivity, which requires acute dopamin-
ergic challenge to be revealed, the loss of DA causes changes in the basal level
of activity or expression of various proteins. The increased level of DARPP-32
phosphorylation at Thr75 [91] is possibly mediated by loss of stimulation of the
D1 receptor, which normally inhibits Thr75 phosphorylation via activation of pro-
tein phosphatase 2A (PP2A) [90]. In the lesioned striatum, the basal level of
autophosphorylation of calcium-, calmodulin-dependent protein kinase II (CaMKII)
at Thr286 is elevated [91, 109]. The autophosphorylation of CaMKII at Thr286
enhances autonomous kinase activity and eventually leads to increased basal phos-
phorylation of the GluR1 subunit of the AMPA receptor at the CaMKII substrate
Ser831, although this effect does not occur until months after the dopaminergic den-
ervation [91]. The increase in CaMKII autophosphorylation is mimicked by a D1,
but not D2, antagonist and by a PKA inhibitor, whereas forskolin reverses it [109],
suggesting that normally the D1 receptor exerts a negative influence on CaMKII
autophosphorylation.



536 E.V. Gurevich and V.V. Gurevich

The elevated CaMKII autophosphorylation enhances kinase association with
the NMDA receptor subunits NR2A and NR2B [109]. The NMDA receptor is a
heteromeric complex, most often comprising two NR1 and two NR2 subunits (iden-
tical or different), and the subunit composition is an important determinant of the
receptor’s functional properties [110] as is phosphorylation of the receptor subunits
[111]. Many studies report alterations in the NMDA receptor subunit abundance,
composition, and phosphorylation in the DA-depleted striatum. The results are,
unfortunately, inconsistent. Different studies demonstrated either a decrease in the
abundance of NR1 and/or NR2B subunits in the DA-depleted striatum in rats and
monkeys [109, 112–114] or no change [115]. This discrepancy likely depends, at
least partially, on the purity of the synaptic membrane fraction used in different
studies, since no changes are usually seen in the total homogenate fraction but the
availability of NMDA subunits is selectively reduced in synaptic membranes. The
basal serine and tyrosine phosphorylation of NR1 and NR2B subunits was found
to be decreased [112, 116] or increased [109, 115, 117] following dopaminergic
denervation. It appears that when the reduction in the abundance of subunits is
accounted for, most studies find a modest net increase in phosphorylation. Inhibitors
of CaMKII reduce serine phosphorylation of NR2 subunits [109, 115]. Additionally,
the synaptic concentration of PSD95 in the DA-depleted striatum is reduced [116,
118, 119], and the interaction of NMDA receptor subunits with protein components
of the postsynaptic density is suppressed, leading to altered subcellular localiza-
tion of NMDA receptors [116]. Although the details remain obscure, there is little
doubt that dopaminergic denervation causes multiple modifications in the functions
of glutamate receptors brought about by changes in the subunit composition, their
phosphorylation, and/or abundance or function of other components of the postsy-
naptic density. These modifications result in profound deficits in synaptic plasticity
in striatal neurons [109, 120, 121] that might play an important role in parkinsonian
symptoms.

It is important to remember that in most cases there is no evidence that these
changes occur exclusively or even predominantly in the D1 receptor-bearing neu-
rons. The CaMKII hyper-phosphorylation and changes in the CaMKII-NMDA
receptor interaction are likely due to D1 receptor dysfunction, suggesting that the
disturbances in the NMDA receptor function are also D1 receptor dependent. The
GABAergic transmission may also be modified in striatonigral neurons, although
the extent of these modifications is uncertain. The down-regulation of the vesicular
GABA transporter has been reported [122], but the level of the GABA biosynthetic
enzyme glutamic acid decarboxylase 67kD (GAD67) was found to be unchanged
[123] or increased [124].

18.1.3.4 Changes in D2 Receptor-Mediated Signaling

The data discussed above demonstrate the supersensitivity of the D1 receptor-
dependent signaling pathways brought about by DA depletion (Fig. 18.2). The fact
that rotational behavior in hemiparkinsonian rodents can be induced by both D1 and
D2 selective agonists [60, 118, 125–129] suggests supersensitivity of both receptor



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 537

subtypes. Similarly, the behavioral supersensitivity in DA null mice reflects the
supersensitivity of both D1 and D2 receptors, since both D1 and D2 agonists induce
hyperactivity, and antagonists of either receptor partially block L-DOPA-induced
hyperlocomotion [76]. A comparison of the relative efficacies of D1 and D2 selec-
tive agonists in eliciting behavioral (or molecular) responses, although frequently
made, is quite problematic, since it is difficult to match doses of the drugs, which
have different pharmacokinetic and pharmacodynamic properties.

The molecular evidence for D2 receptor supersensitivity is less impressive than
that for the D1 receptor (Fig. 18.3). In addition to the up-regulation of D2 receptor
number, the coupling of D2 receptors to Gαi may be enhanced by dopaminergic
denervation [77, 130], although it was found to be unchanged in another study
[82]. Early studies demonstrated that selective D2 agonists, similarly to D1 ago-
nists, induce a supersensitive Fos response in the DA-depleted basal ganglia but
in different regions: D1 receptor stimulation induced Fos expression in striatal
neurons, whereas D2 stimulation caused Fos expression in the globus pallidus
[128, 131, 132]. The latter effect may be due to excessive disinhibition of palli-
dal neurons by dopaminergic stimulation via supersensitive striatal D2 receptors.
Interestingly, the supersensitive ERK1/2 response in the DA-depleted striatum can
be elicited by selective activation of D2 receptors [129, 133]. Moreover, Cai and
co-workers found that the D1 agonist SKF38393 failed to induce ERK1/2 phospho-
rylation [129], which is directly contradictory to the findings of other teams [18,
85, 93]. The discrepancy cannot be readily attributed to any obvious difference in
methods and, thus, remains a mystery. Importantly, inhibition of ERK1/2 activa-
tion or depletion of ERK1/2 by antisense oligonucleotide reduced the frequency
of quinpirole-induced rotations [129] suggesting that ERK1/2 activation is part of
the mechanism of D2 receptor supersensitivity. The molecular mechanism by which
D2 receptor stimulation activates ERK1/2 involves inhibition of mitogen-activated
protein kinase phosphatase (MKP), the enzyme responsible for ERK1/2 dephos-
phorylation [133]. Apparently, this coupling of the D2 receptor with MPK activity
is strongly enhanced by DA depletion, since no changes were seen in the intact
striatum.

The presynaptic D2 receptors localized to corticostriatal terminals, which inhibit
the release of glutamate, were shown to do so more effectively in the DA-depleted
striatum [134, 135], indicating that dopaminergic denervation does induce the super-
sensitivity of D2 receptors. Loss of DA results in the loss of D2 receptor-mediated
inhibitory control over corticostriatal transmission and enhanced glutamatergic
activity, and the same effect is produced by the loss of D2 receptors [16]. The loss
of DA profoundly alters GABAergic transmission in the striatopallidal neurons,
which suggests the involvement of D2 receptor-mediated signaling in the control
of GABAergic activity. DA depletion induces the overexpression of GAD67 and
vesicular GABA transporter in striatopallidal neurons, enhanced GAD enzymatic
activity, and elevated GABA release [122, 123, 136] indicative of the overactiv-
ity of the indirect striatopallidal pathway. The dopaminergic lesion up-regulates
the expression of enkephalin, which is co-expressed with D2 receptors in striatal
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Fig. 18.3 Changes in the signaling pathways attributable to D2 receptor activity. The loss of
DA stimulation of D2 receptors (the pathway in the box is inactive in the DA-depleted striatum)
leads to constitutive upregulation of the expression of multiple genes (short black arrows). DA
depletion enhances the coupling of the D2 receptor to Gi. Acute stimulation of D2 receptors with
selective agonists induces supersensitive ERK1/2 activation in the DA-depleted striatum, presum-
ably due to the D2 receptor-mediated inhibition of the mitogen activated protein kinase phosphatase
(MKP) (129)
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medium spiny neurons [60, 118, 137–143]. These effects could be interpreted as a
result of the removal of the inhibitory influence of the D2 receptors.

DA depletion also increases the expression of Nurr77, an orphan member of
the nuclear receptor family of transcription factors, as well as that of neurotensin
in enkephalin-positive neurons [144, 145]. These effects are replicated by chronic
treatment with the D2 receptor antagonist haloperidol [146]. The data suggest that
tonic stimulation of D2 receptors in the intact striatum inhibits Nurr77 and neu-
ropeptide expression, which is disinhibited when that stimulation is removed. The
up-regulation of Nurr77 in D2 receptor-bearing neurons after the lesion may serve
as a compensatory mechanism aimed at reducing the consequences of DA loss,
since Nurr77 null mice demonstrate exaggerated rotational behavior following DA
depletion, accompanied by blunted enkephalin and neurotensin up-regulation [143].

It appears that D1 receptors mediate acute responses to DA causing “positive”
signals in multiple downstream signaling pathways. Consequently, the D1 recep-
tor supersensitivity resulting from the lack of D1 receptor stimulation following
the DA depletion manifests itself in exaggerated responses to acute dopaminergic
challenge in numerous signaling pathways. At the same time, loss of D1-mediated
signaling leads to only a few changes in the basal levels of expression. The notable
examples of D1 receptor-dependent tonic regulation are the expression of dynorphin,
substance P, and the D3 DA receptor, all of which require periodic D1 stimulation
for maintenance. Conversely, D2 receptors are more adapted for tonic inhibition of
molecular pathways, and the removal of this influence results in basal up-regulation
of a number of genes as well as of the corticostriatal glutamatergic and striatonigral
GABAergic transmission (Fig. 18.3). The ERK1/2 activation appears to be the only
example of D2 receptor-dependent signaling supersensitivity in the DA-depleted
striatum.

18.1.3.5 Possible Role of the Synergism Between D1 and D2 Receptors
in Parkinson’s Disease

One curious phenomenon, the synergism of D1 and D2 receptors, deserves men-
tion here, since it may bear on the signaling mechanisms of PD. In many cases,
concomitant administration of a D1 and D2 agonist produces much stronger behav-
ioral or molecular effects than either drug alone. Thus, the addition of a low dose of
the D1 agonist SKF38393 potentiates rotations induced by the D2 agonist quinpi-
role in hemiparkinsonian rats [128]. Similarly, quinpirole by itself induces minimal
expression of Fos-like proteins in the DA-depleted caudate-putamen of 6-OHDA-
lesioned rats, whereas the combined administration of quinpirole and SKF38393
induces much stronger Fos expression in striatonigral neurons than SKF38393 alone
[17, 128].

The term “priming,” or “reverse tolerance,” is often used to describe an enhance-
ment of a response to subsequent as compared to previous administrations of a drug.
The behavioral sensitization to L-DOPA discussed above is one example of priming,
and LID is another, since the probability of LID increases with each drug exposure.
Usually, the term priming is applied to repeated treatment with the same drug such
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as L-DOPA with administrations far enough apart to ensure washout of the previ-
ous dose. Thus, the priming is based on cumulative plastic adaptations in the brain
caused by each drug dose, with the first dose applied to drug-naïve brain sensitized
by loss of DA having a devastating effect [147]. Interestingly, D1 and D2 selec-
tive drugs can prime for each other. For example, a dose of quinpirole ineffective
in a drug-naïve animal can induce robust rotations and Fos expression in striaton-
igral neurons if preceded by injections of the D1/D2 agonist apomorphine or the
D1 agonist SKF38393 [148, 149]. Interestingly, if priming is done with SKF38393
in combination with the ineffective dose of quinpirole, the result is equivalent to
priming with a 10-fold higher dose of SKF38393 alone [148] illustrating the role of
D1–D2 synergism in this “cross-priming” phenomenon. Similarly, SKF38393 alone
does not induce Fos expression in the globus pallidus, but priming with quinpirole,
which does, allows SKF38393 to induce Fos expression in this brain region [128].
Moreover, priming with apomorphine enhances the quinpirole-induced Fos stimula-
tion in the globus pallidus [149], indicating that responses mediated by both D1 and
D2 receptors are primed. The D1–D2 synergism and priming are likely to be mech-
anistically related. The synergism seen with concomitant administration of D1 and
D2 drugs can be considered as “simultaneous” priming, since priming occurs even
after a single administration of the priming agent. The D1–D2 synergism is inherent
in the priming with L-DOPA, since DA produced from L-DOPA interacts with all
DA receptors. The mechanisms of either phenomenon are unknown. The inhibition
of NMDA receptors has been shown to counteract both synergism and priming, sup-
porting an indirect mechanism dependent on glutamate release [128, 150, 151]. It is
possible that D1/D5 and D2/D3 receptors co-expressed on the same neurons play a
role. Alternatively, the effects could involve striatal interneurons, which are known
to exert a powerful regulatory influence over striatal output neurons [26, 152].

It is important to remember that, although the striatum is the major recipient of
dopaminergic projections and the site of massive alterations following DA deple-
tion, extrastriatal areas also show changes. Thus, supersensitive activation of c-jun
expression in the cortex of rats and monkeys unilaterally lesioned with 6-OHDA
[92] suggests that the DA receptor supersensitivity is not restricted to the striatum.
Similarly, the activation of the Akt pathway in the prefrontal cortex is supersensitive
on the lesioned side in hemiparkinsonian rats, although the degree of supersensitiv-
ity is smaller than in the striatum [60]. The supersensitive D1 receptor-mediated
stimulation of adenylyl cyclase activity has been reported in the frontal cortex of
PD patients at postmortem [84]. The functional significance of these phenomena in
the clinical picture or progression of PD remains to be determined.

18.1.4 Molecular Mechanisms of the Dopamine Receptor
Supersensitivity Induced by Dopaminergic Denervation

The data concerning G protein coupling and cAMP production seem to indicate
that the DA receptor supersensitivity, particularly that of the D1 receptor, involves



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 541

signaling events immediately downstream of receptor stimulation, specifically, the
activation of G proteins. Thus, it is likely that many signaling pathways further
downstream of the D1 receptor-induced signaling would be supersensitive. There
also might be a cumulative effect on behavior. The magnitude of supersensitivity
reported for many signaling events is modest, whereas the behavioral supersensi-
tivity is quite substantial. It is possible that minor changes amplified in multiple
signaling pathways converge on behavior, producing severe changes in behav-
ioral responsiveness to dopaminergic drugs. The supersensitivity of DA receptors
caused by the loss of dopaminergic stimulation due to degeneration of dopaminer-
gic neurons appears to be a logical and useful adaptation aimed at counteracting the
declining availability of endogenous DA. However, the molecular mechanisms of
this adaptation remain elusive.

Two types of mechanisms can conceivably enhance the signaling via any
G protein-coupled receptor (GPCR), including all five DA receptors. Signal
transduction can be facilitated by an increased number of receptors, their cognate
G proteins, and/or effectors. Signaling can also be prolonged by suppressing the
processes that turn it off at the receptor and/or G protein level. The mechanism
that attracted much attention at first was an increase in the receptor concentra-
tion. Although the lesion-induced up-regulation of DA D2 receptors is consistently
detected in animal models and human patients [58, 60, 73, 95], the magnitude of
the effect is clearly insufficient to account for the strong increase in responsive-
ness to dopaminergic stimulation normally observed. Moreover, D1 receptors, the
major striatal DA receptor subtype, are not increased [95], and D3 receptors are
consistently down-regulated in animals and humans [30, 58, 66, 67, 73]. Yet, the
supersensitivity of D1 receptors is consistently observed in DA-depleted animals.
Besides, it is unclear how receptor number translates into the level of signaling. In
most systems, the receptor itself is not rate limiting, and activation of a small propor-
tion of the available receptor molecules is sufficient for a full functional response. In
DA null mice, dopaminergic responses are strongly supersensitive but the concentra-
tions of DA receptors in the striatum are unaltered [76], suggesting that the signaling
can be effectively regulated without modifying the receptor number. Therefore, it
seems unlikely that the DA receptor supersensitivity is due to changes in the receptor
availability, although some contribution from the elevated number of D2 receptors
cannot be completely ruled out.

Another possible mechanism that attracted considerable attention is an increase
in the availability of signaling molecules downstream of the receptors, particularly
G proteins. A substantial increase in the availability of G proteins should enhance G
protein-mediated signaling. An increase in the concentration of Gαolf and Gγ7 was
detected in the putamen of human PD patients [78] and hemiparkinsonian rats [78,
153]. The D1 receptor-mediated production of cAMP is absent in Gαolf knockout
mice [154], indicating that the Gαolf isoform is required for D1 receptor signaling
in the neostriatum. Gαolf levels are modulated by DA via D1 receptors; the Gαolf
concentration is elevated in D1 receptor knockout mice and decreased in DA trans-
porter knockout mice, which have elevated extracellular DA [155]. Thus, loss of DA
in the parkinsonian brain should be expected to elevate the level of Gαolf. In rats and
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humans, the magnitude of the increase is 50–60% [153]. Is this sufficient to produce
the 4- to 5-fold greater behavioral response seen in DA null mice [76]? Hemizygous
Gαolf mice that have approximately half of the normal level of Gαolf show a 2- to
3-fold lower locomotor response to amphetamine than wild-type mice [155], which
suggests that a 50% reduction at the G protein level is translated into behavioral
effects of similar magnitude. The elevation of the Gαolf concentration seems attrac-
tive as the mechanism of the D1 receptor supersensitivity, since it is regulated by
the receptor usage in the correct manner, and changes in the Gαolf availability have
been shown to have signaling and behavioral consequences. However, another study
found increased DA receptor coupling to their cognate G proteins in the denervated
striatum without changes in the G protein levels [77]. No changes in the expres-
sion of other signaling molecules such as PKA, protein kinase C (PKC), CaMKII,
or DARPP-32 in the denervated striatum have been reported [91, 156], which leave
Gαolf as the only candidate.

Enhanced signaling via GPCRs such as DA receptors can also be achieved by
suppressing the desensitization process. Upon activation by a ligand, GPCRs are
phosphorylated by members of the G protein-coupled receptor kinase (GRK) fam-
ily, and active phosphorylated receptors serve as preferred substrates for the binding
of the uncoupling proteins arrestins (reviewed in [157]). Arrestin binding shields
the cytoplasmic surface of the receptor and precludes further G protein activation.
The receptors then need to be resensitized, which occurs in the endosomes upon
receptor internalization. In the endosomes, the ligand dissociates, apparently caus-
ing conformational changes in the receptor protein resulting in the dissociation of
arrestin. The receptor is then dephosphorylated and recycled back to the plasma
membrane. If the desensitization process is suppressed or delayed, it would prolong
the existence of the receptor state competent to activate G proteins and effectively
enhance signaling.

A simple way to inhibit desensitization would be a reduction of the availability
of arrestins and especially GRKs, since the phosphorylation step is rate limiting in
the process [158, 159]. It has been demonstrated in many systems that a reduction
in the availability of arrestins and GRKs inhibits receptor desensitization and facili-
tates GPCR signaling in cultured cells and live animals [160–167]. Specifically, the
loss of the GRK6 isoform confers dopaminergic supersensitivity [163]. Analysis
of the expression levels of GRK and arrestin isoforms in the hemiparkinsonian rat
model demonstrated down-regulation of GRKs, but not arrestins, in the caudal stria-
tum [118]. However, the GRK concentrations were unchanged or increased in the
rostral subdivisions of the striatum. At the same time, the DA receptor supersensi-
tivity, as measured by the responsiveness of downstream signaling pathways such as
ERK and Akt, was just as strong in the rostral as in the caudal striatum [60]. Thus,
the anatomical pattern of the GRK down-regulation does not match that of the DA
receptor super-responsiveness, making it unlikely that the former is the sole cause
of the latter. Moreover, GRK6 and arrestin2 were increased, rather than decreased,
in the striatum of MPTP-lesioned monkeys [96]. No significant decrease in the con-
centrations of arrestins or GRKs was found in the striatum of patients with PD at
postmortem [72], but it is important to remember that all patients had been treated
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antemortem with dopaminergic drugs. Taken together, these data suggest that down-
regulation of the components of the GPCR desensitization machinery is unlikely to
be solely responsible for the DA receptor supersensitivity brought about by the loss
of DA.

The arrestin- and GRK-mediated desensitization mechanism operates on many
GPCRs regardless of the G proteins they couple to [157]. The Gαi- or Gαq-coupled
GPCRs have alternative negative regulatory mechanisms responsible for the termi-
nation of signaling at the level of the G protein. Active GTP-liganded G protein
α-subunits self-inactivate due to their intrinsic GTPase activity. The regulators of
G protein signaling (RGS) proteins are GTPase-accelerating proteins (GAPs) that
negatively modulate GPCR signaling by accelerating GTP hydrolysis by Gα sub-
units [168, 169]. Most RGS proteins act as GAPs toward the Gαi/o and some toward
the Gαq/11 subfamilies of G proteins, whereas no RGS for Gαs or Gα12 has been
described [168]. Thus, in the striatum RGS proteins could directly regulate signaling
via D2 or D3 receptors. Similarly to the arrestin- and GRK-mediated desensitization
discussed above, attenuation of the RGS-mediated signal termination should lead
to receptor supersensitivity. Up-regulation of RGS proteins would increase RGS
availability and promote RGS-mediated attenuation of signaling, whereas a reduced
concentration of RGS proteins should be expected to suppress RGS-dependent
turnoff and prolong signaling.

Multiple RGS isoforms have been identified with several subtypes (RGS4, 7, 8,
and 9) highly expressed in the brain [170]. The splice variant of RGS9, RGS9-2, is
enriched in striatal medium spiny neurons [171, 172]. Overexpression of RGS9-2
reduces D2 receptor-mediated signaling in vitro [171, 173]. RGS9-2 expression is
regulated by DA since chronic exposure to cocaine increases the level of the pro-
tein in the striatum [174]. The administration of L-DOPA or D2 antagonists, or DA
depletion, alters the expression level of multiple RGS isoforms in the striatum in
an isoform- and cell-specific manner [26, 175, 176]. In particular, RGS9 mRNA
is decreased following DA depletion by 6-OHDA lesion or reserpine treatment
[176]. Mice lacking RGS9-2 are more sensitive to dopaminergic stimulation [173,
174]. Conversely, viral overexpression of RGS9-2 reduces locomotor responses to
D2, but not to D1, agonists [174]. Thus, the modulation of RGS9-2 availability by
DA depletion appears to be a good candidate mechanism for the supersensitivity
of D2 receptors. However, no changes in the expression of RGS9-2 were found
in the MPTP monkey model of PD [177]. RGS9 was up-regulated in the stria-
tum of PD patients at postmortem [178], but this could be the result of long-term
dopaminergic treatment. Thus, we must conclude that if the RGS-mediated modula-
tion of the D2 receptor signaling is involved in the supersensitivity of D2 receptors
caused by DA depletion, it does not require changes in the RGS9-2 expression
level.

To summarize, multiple alterations in striatal signaling mechanisms caused by
the loss of DA have been described (Fig. 18.2 and 18.3). However, so far no
coherent model of the molecular mechanisms responsible for the lesion-induced
supersensitivity of DA receptors has been developed. The up-regulation of G pro-
teins, leading to enhanced cAMP production, seems the most promising mechanism
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for the D1 receptor supersensitivity. This augmentation of the signal transduction
at the G protein level can then be propagated to other cAMP-dependent mecha-
nisms and, via various feedback loops, to cAMP-independent mechanisms, finally
resulting in strong enhancement of behavioral responses to dopaminergic drugs.
However, no analogous mechanism has been proposed for the D2 receptor. It is
equally unclear what molecular mechanism mediates the changes in the transcrip-
tion of proteins caused by dopaminergic denervation. Changes in the mechanism
of transcriptional control have been observed in the DA-depleted striatum. The up-
regulation of specific �FosB proteins (43 and 45 kD) is induced by DA depletion
in striatopallidal neurons, resulting in a corresponding increase in AP-1-binding
activity [179], suggesting that these transcription factors may mediate some of the
changes in gene expression observed in striatopallidal neurons following the loss
of DA. Since the same Fos proteins are selectively elevated by chronic administra-
tion of the selective D2 antagonist haloperidol [180], this up-regulation appears to
be mediated by the reduced activity of D2 receptors. Paradoxically, no change in
transcriptional activity has so far been found in nigrostriatal D2 receptor-bearing
neurons.

The success of studies aimed at identifying the molecular mechanisms of signal-
ing alterations caused by DA depletion will be largely determined by the sensitivity
and spatial resolution of experimental methods. A global measurement of the
expression of any signaling protein in the whole striatum could easily miss a dra-
matic change in a small subpopulation of striatal neurons. However, the detection
of changes restricted to specific neuronal populations is challenging. Neurons are
highly compartmentalized cells with elaborate geometry, where a significant change
in the local concentration of a particular protein could be achieved without an overall
change of expression. It is evident that subcellular localization of the proteins, their
intracellular trafficking, and dynamic recruitment to specific cellular compartments
have high functional significance, and yet all these events are difficult to observe
experimentally. Finally, simultaneous modest increases of the receptor, G protein,
and effector expression (each being below the level of reliable detection) in con-
junction with a moderate decrease in the rates of signal termination at the receptor
and G protein level could yield a dramatic manifold increase in signaling.

18.2 DA Receptors and Treatment of the Motor Symptoms
of Parkinson’s Disease

18.2.1 Dopamine Replacement Therapy and the Pathophysiology
of L-DOPA-Induced Dyskinesia

Patients with PD are treated with the dopamine precursor L-DOPA with the goal
of restoring lost DA. L-DOPA is normally produced from the amino acid tyrosine
via hydroxylation by the enzyme tyrosine hydroxylase in dopaminergic and nora-
drenergic neurons. Exogenous L-DOPA bypasses this step and is converted to DA
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by L-aromatic acid decarboxylase. L-DOPA was first introduced as a treatment for
PD in the early 1960s [181], but remains the best available drug even today. L-DOPA
is normally administered in combination with peripheral inhibitors of DOPA decar-
boxylase such as carbidopa or benzerazide to prevent peripheral conversion of
L-DOPA to DA. In the brain, L-DOPA is converted into DA, and the newly produced
DA acts at DA receptors, thereby restoring the balance within the striatal circuitry
upset by the loss of endogenous DA. Acutely administered L-DOPA quickly restores
movement in human PD patients and experimental animals. L-DOPA is a short-lived
drug (half-life ~90 min). Therefore, repeated administration of L-DOPA results in
surges of newly synthesized DA, stimulating DA receptors in a non-physiological
pulsatile manner. In PD patients at early stages of the disease, the antiparkinsonian
effect of acute L-DOPA lasts substantially longer than the L-DOPA life in the
body, probably due to accumulation of DA in the synaptic vesicles of the surviv-
ing dopaminergic neurons. This storage process likely smoothes out the DA surges,
producing a more physiological pattern of dopaminergic stimulation. L-DOPA ther-
apy is remarkably efficacious at early stages of PD, but becomes less and less so
as the disease progresses, necessitating higher L-DOPA doses to achieve adequate
antiparkinsonian effect [182]. This is probably due to the continuing degenera-
tion of dopaminergic neurons in PD patients, which increases the demand for
DA and reduces the storage capacity for DA produced from exogenous L-DOPA.
Moreover, multiple motor complications emerge within 5–7 years of L-DOPA treat-
ment, such as motor fluctuations (on-off fluctuations, wearing off, delayed or no
“on” response) and dyskinesia [182]. Since DA acts at all DA receptors, L-DOPA
behaves as a non-selective agonist acting primarily through the most abundant D1,
D2, and D3 striatal receptors. It is important to bear in mind that an antiparkinso-
nian effect is produced by selective D1 as well as D2/D3 agonists in humans and
animals [183–188], although L-DOPA remains the most effective antiparkinsonian
therapy [189].

L-DOPA-induced dyskinesia (LID) is a debilitating condition characterized by
involuntary purposeless movements involving the limbs, trunk, or face. The most
common forms of LID are peak-dose dyskinesia, diphasic dyskinesia, and off-period
dystonia. Peak-dose dyskinesia occurs at the peak plasma level of L-DOPA, dipha-
sic dyskinesia correlates with the rise and fall of the L-DOPA plasma level, and
off-period dystonia correlates with the akinesia that precedes the L-DOPA effect
[190]. These forms are not mutually exclusive and can occur in the same patient.
Since peak-dose dyskinesia is the easiest to reproduce in animal models, most of
the mechanistic data available apply to this form of LID. LID poses a significant
clinical challenge, since, as the disease progresses, it becomes increasingly diffi-
cult or impossible to produce adequate antiparkinsonian effects without triggering
dyskinesia [191].

The neural mechanisms of LID remain obscure. The pathophysiological model
of PD posits that akinesia is the result of excessive inhibition of the cortico-thalamic
loop by the striatum. DA depletion shifts the balance within the striatal circuitry in
favor of the indirect pathway, which is a negative feedback mechanism, causing
hyperactivity of the striatal output nuclei and enhanced net inhibitory striatal output



546 E.V. Gurevich and V.V. Gurevich

to the thalamus [1]. L-DOPA produces its antiparkinsonian effect via restoration
of normal dopaminergic control over the striatal circuitry, which reduces the over-
all inhibitory striatal output and relieves the inhibition of the motor cortical activity,
making movement possible. At first, based on studies of hyperkinetic disorders such
as Huntington’s disease and ballism, LID was considered a simple reversal of the
parkinsonian condition; strong stimulation of DA receptors by DA produced from
L-DOPA reduces the striatal output too much by facilitating transmission via the
direct pathway at the expense of the indirect pathway [192, 193]. The lack of proper
striatal inhibitory control disinhibits the motor cortex, causing hyperactivation and
dyskinetic movements. Whereas the model of PD is well supported by the exper-
imental data and is remarkably successful as a heuristic tool, the model of LID
is much less satisfactory in this regard. The experimental support for the key pre-
diction of the model, hypoactivity of the gateway structure of the striatal circuit,
the globus pallidus internal, was never strong. The final blow to the model was
dealt by the discovery that the ablation of the globus pallidus internal alleviates both
parkinsonian symptoms (where it is hyperactive) and dyskinesia, where this nucleus,
according to the model, is supposed to be hypoactive [190]. This result suggests that
the difference between the parkinsonian and dyskinetic states is not a simple opposi-
tion between high (parkinsonian) and low (dyskinetic) output of the striatal circuit,
but likely involves complex alterations of activity patterns throughout the striatal
system.

18.2.2 The Effects of L-DOPA Treatment on Dopaminergic
Signaling

The evidence seems to indicate that in the normal striatum DA serves to dampen
signaling and behavioral responses to itself via some sort of desensitization mech-
anism. When this endogenous check is removed in PD, the responsiveness greatly
increases. Can this supersensitivity be reversed by the application of dopaminer-
gic stimulation to mimic the action of endogenous DA? Most importantly, does
L-DOPA suppress supersensitive responses? The answer is yes and no.

18.2.2.1 Signaling Consequences of Dopamine Depletion Normalized
by L-DOPA

L-DOPA certainly suppresses the supersensitivity of some signaling pathways
(Fig. 18.4). In human PD patients and animal models of PD, L-DOPA reverses the
denervation-induced up-regulation of D2 receptors [47, 51, 52, 54, 60–62], support-
ing the explanation that this up-regulation is caused by the loss of DA. In DA null
mice, chronic L-DOPA treatment eliminates exaggerated locomotor, c-fos, and ERK
responses [76, 194]. L-DOPA also reverses the increase in the Gαolf concentration
in hemiparkinsonian rats [78]. Similarly, the supersensitivity of the ERK pathway
is reversed by L-DOPA in both 6-OHDA-lesioned rats and MPTP-lesioned mon-
keys [60, 96], as is the exaggerated basal phosphorylation of CaMKII [91, 109]
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Fig. 18.4 Signaling mechanisms of L-DOPA-induced dyskinesia. Most proposed mecha-
nisms of LID pertain to D1 receptor-mediated signaling. Chronic L-DOPA treatment reverses
the denervation-induced supersensitivity of several signaling pathways (shown dimmed). Short
open arrows facing up indicate the L-DOPA-induced augmentation of the expression or activ-
ity/phosphorylation of proteins beyond the pre-lesion level. The open arrow between adenylyl
cyclase (AC) and Gαolf indicates increased coupling of D1 receptors to Golf. Note that increased
Akt-mediated phosphorylation of GSK3 translates into decreased activity of the enzyme. Solid
arrows denote known stimulatory connections in signaling pathways; dashed arrows indicate
hypothetical connections

and DARPP-32 at Thr75 [91]. The lesion-induced super-responsiveness of many
IEGs (c-fos, junB, junD, c-Jun) is reversed or at least significantly ameliorated by
chronic L-DOPA administration [100, 101, 180]. L-DOPA also reverses the super-
sensitivity of presynaptic D2 receptors on corticostriatal terminals and the resulting
glutamatergic hyperactivity in the striatum [135]. However, the exact functional
role of the signaling changes observed in the DA-deprived striatum in the motor
deficits caused by the loss of DA is unclear. Equally, it is not known whether the
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reversal of these changes by L-DOPA plays a role in its therapeutic activity. The
hyper-phosphorylation of CaMKII seems to be involved in the lesion-induced motor
abnormalities, since intrastriatal administration of a selective CaMKII inhibitor res-
cues the motor performance in 6-OHDA-leisoned rats [109], thus mimicking the
action of L-DOPA. It is possible that other effects are also part of the molecular
mechanisms responsible for the therapeutic antiparkinsonian activity of L-DOPA,
but their exact roles remain to be determined.

18.2.2.2 Molecular Consequences of Dopamine Depletion Unchanged
or Augmented by L-DOPA

L-DOPA does not reverse the up-regulation of enkephalin induced by the dopamin-
ergic lesion in hemiparkinsonian rats and MPTP-lesioned monkeys [60, 137,
139–141, 195, 196], and may even enhance enkephalin expression in the 6-OHDA-
lesioned rat, MPTP-lesioned monkey, and human dyskinetic PD patients [138, 141,
197]. Neither the L-DOPA nor the long-lived DA agonist pergolide is successful
in reversing the effect of DA depletion on the expression of arrestins and GRKs
in the 6-OHDA-lesioned rat [118]. On the other hand, in MPTP-lesioned monkeys
L-DOPA actually reverses the up-regulation of arrestin2 and GRK6 caused by the
lesion [96]. Apparently, some alterations in signaling mechanisms induced by the
loss of DA are permanent and, once developed, cannot be reversed by DA. It is
also possible that the dose, duration of treatment, or administration mode used is
inadequate to produce the reversal in some cases.

It stands to reason that the molecular aberrations caused by DA loss that are not
reversed by the therapeutically active mode of L-DOPA administration likely under-
lie L-DOPA-induced motor fluctuations. Importantly, L-DOPA exaggerates some of
the abnormalities in dopaminergic signaling in the striatum caused by DA depletion
and/or induces de novo signaling perturbations beyond those already present due to
DA depletion (Fig. 18.4). Acute L-DOPA administration induces contralateral rota-
tions in hemiparkinsonian rats. Chronic L-DOPA treatment leads to a progressive
increase in the frequency of the rotations [60, 66, 67, 118, 144], the phenomenon
termed behavioral sensitization to L-DOPA.

At the molecular level, the down-regulation of D3 receptors and dynorphin
caused by DA depletion in hemiparkinsonian rats are reversible by L-DOPA, but
in the course of chronic treatment both increase substantially beyond the pre-lesion
level [60, 65–67, 137, 198]. Chronic L-DOPA also aggravates the lesion-induced
hyper-phosphorylation of CREB in response to dopaminergic challenge [105]. Our
data also demonstrate that the Akt-GSK3 pathway in the lesioned rat striatum
is supersensitive to dopaminergic stimulation but shows little or no change in
basal activity [60]. Chronic L-DOPA enhances the basal constitutive activity of the
pathway to a level that is even higher than that induced by acute dopaminergic stim-
ulation in drug-naïve hemiparkinsonian rats, and this level is no longer increased by
dopaminergic stimulation. In the normal striatum, the Akt-GSK3 pathway is under
the negative influence of DA acting via D2 and D3 receptors [199, 200]. It appears
that the loss of DA brings forward a different, positive, mode of Akt regulation by
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DA, which may be D1 receptor mediated. Gαq and Gαs-coupled receptors can acti-
vate Akt via Ca2+ or other second messengers [201]. The D1 receptor can couple to
Gαq/11 [202]. DA can activate Akt via D1 receptors in a phosphoinositide-3-kinase-
independent manner, possibly involving ERK1/2. Loss of Akt activation impairs
phosphorylation of CREB [203]. Thus, in the lesioned and L-DOPA-treated stria-
tum, persistent Akt activation may contribute to the persistent phosphorylation of
CREB.

L-DOPA-induced perturbation of the glutamatergic and GABAergic transmission
may play a role in LID. L-DOPA treatment increases the expression of GAD67 and
vesicular GABA transporter in striatonigral neurons and the release of GABA in
the substantia nigra reticulata [122, 124, 204, 205], indicative of hyperactivity of
the direct striatonigral pathway. L-DOPA reverses the down-regulation of NMDA
receptor subunits seen in parkinsonian monkeys and causes excessive expression of
selected subunits in dyskinetic monkeys and PD patients [113, 206, 207]. L-DOPA
also causes exaggerated tyrosine phosphorylation of NR2 [112, 115, 117] and serine
phosphorylation of NR1 [112] subunits that correlate with L-DOPA-induced sensiti-
zation. The D1 receptor regulates the subcellular trafficking of the NMDA receptor,
and its activation rapidly recruits the NMDA receptor, with the NR2A and NR2B
subunits phosphorylated at tyrosines, to the synaptic membrane [208–210]. Loss
of protein kinase Fyn abolishes tyrosine phosphorylation, the D1 receptor-mediated
membrane recruitment of the NMDA receptor, and behavioral sensitization to L-
DOPA (the interpretation of that result is equivocal because of less extensive DA
depletion in Fyn null mice) [209]. Interestingly, the NR2 subunit tyrosine phos-
phorylation is DARPP-32 independent [209]. Thus, tyrosine phosphorylation of
the NMDA receptor subunits and D1-induced synaptic recruitment may play an
important role in the development of LID.

18.2.2.3 Effects of L-DOPA in “Dyskinetic” Versus “Non-dyskinetic” Animal

The data cited above are based on effects detected in the entire population of ani-
mals treated chronically with L-DOPA. The importance of these signaling effects
for LID is supported by their development over time in parallel with behav-
ioral sensitization to L-DOPA. However, when people or animals are treated with
L-DOPA, their response to the drug varies substantially. Between 40 and 80% of PD
patients, according to different estimates, develop dyskinesia within 5 years of treat-
ment, but some develop it earlier and some later [211]. Similarly, MPTP-lesioned
monkeys treated with L-DOPA develop dyskinesia at individual rates [30, 96].
Hemiparkinsonian rats demonstrate different rotation frequencies following the first
L-DOPA administration and the individual propensity for behavioral sensitization
to L-DOPA varies widely [125, 212]. In addition to rotations, hemiparkinsonian rats
show abnormal involuntary movements (AIMs) of the limbs, tongue, jaw, and trunk
that have been proposed to model human LID with better fidelity than behavioral
sensitization [213]. Rats show remarkably different propensities to develop AIMs
in response to L-DOPA. Thus, parkinsonian animals, rodents and primates, can be
classified into “dyskinetic” and “non-dyskinetic” categories based on the presence
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of AIMs. It should be noted that, since the probability of dyskinesia is roughly pro-
portional to the L-DOPA dose and duration of treatment (cumulative dose) [125],
dyskinesia is inducible in “non-dyskinetic” animals by a higher dose or longer
treatment. Therefore, this classification simply describes the situation at a given
moment in the treatment schedule. Nonetheless, to elucidate the molecular mech-
anisms underlying dyskinesia, it is still important to explore signaling alterations
that are present in overtly dyskinetic individuals, but absent in non-dyskinetic sub-
jects (Fig. 18.4). Another possible approach would be to correlate the severity of
dyskinesia (e.g., AIMs scores) with the level of expression or activation of signaling
proteins and/or pathways.

Importantly, in some studies the distinction between “dyskinetic” and “non-
dyskinetic” animals has no apparent correlation with the degree of DA depletion
[214–216]. However, since experimental animals in those studies usually had exten-
sive loss of DA, it is possible that above a certain level, individual differences in the
degree of DA depletion no longer matter. It is a well-established fact that in human
PD patients the risk of dyskinesia increases with the disease severity [217, 218].
When a wider range of DA depletion is considered in animal models, it is also found
that the propensity to LID is proportionate to the degree of DA loss [216, 219].

Using this experimental approach, it has been determined that the level of D1
receptor supersensitivity (measured by D1 agonist-stimulated GTPγS binging to
striatal sections) induced by loss of DA is further enhanced in dyskinetic MPTP-
lesioned monkeys as compared to L-DOPA-naïve MPTP monkeys, whereas in
non-dyskinetic animals L-DOPA reverses the supersensitivity [95]. The level of D1
receptor supersensitivity in these animals correlates positively with the severity of
LID and is accompanied by increased expression of DARPP-32 and cdk5 [95]. In
dyskinetic monkeys, the expression of the D3 DA receptor is dramatically increased,
whereas the receptor was down-regulated by the MPTP lesion and restored to the
normal level in non-dyskinetic animals [30]. Moreover, a partial D3 agonist sig-
nificantly ameliorates dyskinesia without reducing the antiparkinsonian effect of
L-DOPA. These data suggest that in some individuals (eventually in all) the super-
sensitivity of DA receptors is not reversed or is even aggravated by L-DOPA and
that leads to LID.

Supersensitive DA receptors convey signaling to downstream signaling path-
ways that are also selectively enhanced in “dyskinetic” animals (Fig. 18.4). The
up-regulation of Gαolf is reversed by L-DOPA in hemiparkinsonian rats, but it
is detectable in human PD patients in spite of decades of dopaminergic therapy,
with the highest levels seen in patients with severe antemortem dyskinesia [78].
Although hyper-phosphorylation of DARPP-32 by PKA (at Thr34) is generally
reduced by chronic L-DOPA treatment, it persists in 6-OHDA-lesioned mice and
rats with a high frequency of AIMs [85, 120]. Moreover, the level of DARPP-32
phosphorylation positively correlates with the AIMs scores. Conversely, AIMs are
attenuated in DARPP-32 knockout mice [85]. These data suggest that the failure
of L-DOPA to suppress the DARPP-32 hyper-phosphorylation induced by DA loss
contributes substantially to the induction of LID, possibly by virtue of maintaining
the lesion-induced supersensitivity of D1 receptors.
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Hyper-phosphorylation of ERK1/2 proportional to the AIM frequency was
observed in “dyskinetic” mice [85, 220] and rats [93]. The suppression of AIMs
in DARPP-32 knockout mice was accompanied by reduced phosphorylation of
ERK1/2 [85], suggesting that ERK1/2 activation is PKA mediated. Furthermore,
direct blockade of ERK1/2 phosphorylation also reduced AIMs [85]. However,
we found that the elevated level of ERK1/2 phosphorylation and expression was
reversed by L-DOPA treatment in both “dyskinetic” and “non-dyskinetic” MPTP-
lesioned monkeys [96]. We also found that both the L-DOPA and the D2 agonist
pergolide suppress the lesion-induced supersensitive ERK1/2 response equally well,
in spite of their different ability to produce behavioral sensitization [60]. Lesion-
induced supersensitive phosphorylation of the GluR1 subunit of the AMPA receptor
is also attenuated by chronic L-DOPA to a lesser degree in “dyskinetic” versus
“non-dyskinetic” hemiparkinsonian rats [85]. These data implicate the enhanced
responsiveness of the D1 receptor-PKA pathway in LID (Fig. 18.4).

L-DOPA-induced abnormalities in NMDA receptor-mediated transmission
develop (or, at least, appear to be more severe) in dyskinetic animals. Dyskinetic
animals have higher synaptic availability of the NR2A [113, 116] and lower avail-
ability of the NR2B subunit than L-DOPA-treated non-dyskinetic animals [114,
116]. Since the D1 receptor has been implicated in the control of NMDA recep-
tor trafficking [209, 210], these changes are likely mediated by overactive D1
signaling. The importance of mislocalization of the NR2B subunit for dyskinesia
is highlighted by the fact that artificial disruption of the NR2B interaction with
proteins in the postsynaptic density induces AIMs in non-dyskinetic rats [116].
The redistribution of NMDA receptors between the synaptic and the extrasynap-
tic compartments, in addition to changes in the subunit composition, may have
important functional consequences. The signaling of synaptic and extrasynaptic
NMDA receptors is different; calcium entry through synaptic NMDA receptors
enhances CREB activation and CREB-dependent gene expression, whereas acti-
vation of extrasynaptic NMDA receptors suppresses CREB activity [221]. The
exact nature and functional consequences of modifications in the expression, com-
position, trafficking, and signaling of NMDA receptors in LID are still poorly
understood. NMDA antagonists generally ameliorate LID, and the noncompeti-
tive NMDA antagonist amantadine is the only drug proven effective against LID
in clinical practice [190]. This suggests that elevated activity of NMDA receptors,
possibly the NR2B-containing receptors in the “wrong” non-synaptic compart-
ments, induced by intermittent stimulation of D1 receptors may be critical for LID
development.

18.2.2.4 Effects of L-DOPA on Immediate Early Genes
and Transcription Factors

The supersensitive activation in the DA-depleted striatum of some members of
the Fos and Jun gene families such as c-Fos, JunB, c-Jun, and JunD is reduced
by chronic treatment with L-DOPA [100–102, 183], although it takes a fairly
prolonged treatment to substantially downregulate the response. For example, 5-day
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treatment with 10 mg/kg/day of L-DOPA does not perceptibly reduce the supersen-
sitive response in the DA-depleted striatum in unilaterally 6-OHDA-lesioned rats or
common marmosets [97].

Some members of the Fos family are longer lived than immediate early gene
types such as c-Fos. The 35 and 37 kDa isoforms of the �FosB protein are not
induced or are induced only slightly by acute stimulation but slowly accumulate
in response to chronic stimuli and persist in the brain longer than other Fos pro-
teins (weeks to months) [180]. These proteins are induced by an incredible variety
of stimuli, including drugs of abuse, antipsychotics, some forms of antidepressant
treatment, stress, etc. [180]. The expression of �FosB isoforms is induced in the
DA-depleted striatum by acute and is further promoted by chronic treatment with
L-DOPA, with the 35 and 37 kDa isoforms being the most affected by chronic L-
DOPA [93, 101, 102, 179, 212, 220]. Moreover, �FosB proteins are found in the
striatum of PD patients at postmortem and in MPTP-lesioned monkeys, and the
levels of expression correlate with the degree of DA depletion and symptoms of
dyskinesia [178, 179]. The severity of AIMs in the rodent model of PD correlates
with the �FosB expression [222]. The inhibition of �FosB accumulation by the
infusion of �FosB antisense oligonucleotides into the striatum reduces the sever-
ity of dyskinesia in hemiparkinsonian rats [222, 223]. The accumulation of �FosB
occurs in dynorphin-expressing striatonigral neurons, and overexpression of dynor-
phin upon chronic L-DOPA treatment correlates well with dyskinesia scores [205,
222]. The DARPP-32-based amplification loop may be involved in the �FosB accu-
mulation, since removal of DARPP-32 attenuates the �FosB buildup induced by
dopaminergic stimulation [224, 225].

The accumulation of �FosB during L-DOPA treatment may contribute to
changes in the expression of proteins controlled by �FosB-responsive promot-
ers [180]. In particular, �FosB regulates the expression of dynorphin [223], and
dynorphin overexpression induced by L-DOPA in the lesioned striatum correlates
well with indices of LID [60, 205, 212, 223]. However, the exact functional role
of the �FosB accumulation in LID remains unclear. From the data on LID, it
seems that the �FosB-mediated transcription acts as the positive feedback in the
L-DOPA signaling. At the same time, �FosB knockout mice have no cocaine-
induced accumulation of the �FosB 35 and 37 kDa isoforms, but demonstrate
enhanced responsiveness to cocaine (place preference, locomotion), which suggests
that �FosB accumulation functions as a negative, rather than positive, feedback
in the dopaminergic signaling [226]. However, virus-mediated overexpression of
�FosB in the nucleus accumbens sensitizes the animals to the locomotor and
rewarding effects of cocaine [227]. To reconcile these data, it has been suggested
that �FosB, which is induced by chronic cocaine treatment, is responsible for
the long-term increase in sensitivity [227], whereas loss of �FosB results in a
short-term increase in sensitivity but precludes sensitization to repeated treatment.

The L-DOPA-induced elevation of the expression of activity regulated
cytoskeletal-associated (Arc) and Homer-1a genes shows a very similar pattern
to that of dynorphin, being more prominent in dyskinetic than in non-dyskinetic
rats [212]. The basal level of expression of these genes was not altered by the
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DA depletion but increased with L-DOPA treatment, more substantially so in rats
that developed AIMs. The up-regulation of Arc is largely restricted to dynorphin-
expressing neurons, suggesting that this is a downstream effect of the D1 receptor
activation. The exact function of the protein product of the Arc gene, Arc (also
referred to as activity regulated gene 3.1 protein homolog, Arg3.1), is incom-
pletely understood, but its enrichment in dendrites and recruitment to dendritic
synaptic regions upon stimulation [228] suggests its involvement in synaptic plas-
ticity. Recently, the Arc protein has been reported to regulate trafficking of the
AMPA glutamate receptor by promoting its activity-dependent endocytosis [228,
229]. Overexpression of Arc reduces the AMPA receptor surface expression and
AMPA-dependent synaptic transmission, whereas Arc knockout enhanced both
[230, 231]. Thus, the up-regulation of Arc in dyskinetic animals may actually pro-
mote the reduction of AMPA activity, which is enhanced in LID, as evidenced by
the antidyskinetic efficacy of AMPA antagonists [190, 232].

Homer proteins are part of postsynaptic densities and are involved in regulat-
ing the functions of metabotropic glutamate receptors [233]. The short Homer-1a
isoform is rapidly induced by neuronal stimulation and acts as a negative regu-
lator of the signaling via mGluR1/5 metabotropic glutamate receptors [233, 234].
Transgenic mice expressing Homer-1a in striatal neurons are akinetic with impaired
performance in motor tasks [235], which is similar to the parkinsonian phenotype.
Interestingly, mice that express Homer-1a in the striosome striatal compartment (but
not in the matrix) show behavioral and molecular supersensitivity to amphetamine
[235], which is consistent with peak-dose dyskinesia. The striosome–matrix orga-
nization of the striatum has been identified based on differential staining with
neurochemical markers and connectivity [236]. The striosomes (patches) have
high density of μ-opioid receptor but low calbindin immunoreactivity and receive
dopaminergic projections mostly from the dorsal tier of the substantia nigra pars
compacta. In contrast, matrix is innervated largely by the ventral tier [236, 237],
although this innervation topography is less evident in primates than in rodents
[238]. The functional role of the striosome-matrix dichotomy in PD and LID
remains almost completely unexplored. Interestingly, apomorphine- or L-DOPA-
induced expression of c-Fos and FosB in the DA-depleted striatum, which is
uniform after acute injection, concentrates in the striosomes upon chronic admin-
istration [101, 239]. Thus, this limited evidence points to a special importance of
the striosomal compartment in LID.

Such paradoxical effects of L-DOPA of the type that upset the balance in DA
receptor signaling instead of restoring it may be responsible for the L-DOPA side
effects, including LID. Interestingly, in DA null mice, even low concentrations
of L-DOPA restore normal feeding behavior and suppress supersensitive behav-
ioral and molecular responses without noticeable paradoxical effects. The difference
between these mice and parkinsonian animals or humans is that the mice have intact
dopaminergic neurons and terminals that are capable of packaging and releasing
DA in the appropriately regulated manner. In contrast, in the parkinsonian brain,
dopaminergic neurons are reduced in number or are no longer present, and complete,
functionally appropriate restoration of the DA signaling is not possible.
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18.2.3 Dopamine Agonists in the Treatment of Parkinson’s Disease

18.2.3.1 Dyskinesia-Inducing Properties of DA Agonists

It has been established that both D1- and D2/D3-selective agonists produce
antiparkinsonian effects in experimental animals and human patients [184, 185,
240–242]. Similarly, both classes of drugs produce dyskinesia, although their
propensity to do so is a complex function of the pharmacological profile and phar-
macokinetic properties. One of the important features of L-DOPA is its short life
(90 min half-life in the body), resulting in rapid changes in the DA concentration
in the DA-depleted striatum following L-DOPA administration. Short-lived non-
selective DA and selective D1 or D2/D3 agonists induce LID in humans and motor
complications in animals [184, 186, 243]. Whether DA agonists have the same dysk-
inetic potential as L-DOPA is a matter of some controversy. Several studies reported
that in therapeutically effective doses short-lived DA agonists induce the same level
of dyskinesia as L-DOPA [184, 185, 244], whereas others found DA agonists less
prone to induce dyskinesia than L-DOPA regardless of their properties [187, 245].
The data regarding the propensity of D1/D5 or D2/D3 selective agonists to induce
dyskinesia is also highly controversial, with some studies favoring D1-targeting ago-
nist [246, 247] and some D2-targeting agonists [183, 248]. The comparison is not
easy to make due to differences in pharmacokinetic properties of the drugs and the
higher propensity of D1 agonists to induce tolerance [183, 249, 250]. It is often
reported that in animal models D1 antagonists block behavioral sensitization to
L-DOPA [66, 67], although they may just reduce the absolute rotation frequency
rather than block the sensitization process per se [145]. Agonists selective for the
D2 receptor are able to induce behavioral sensitization [60, 247].

A number of longer-lived DA agonists proved to possess antiparkinsonian prop-
erties combined with a lower propensity to induce dyskinesia. Many such drugs are
now used in clinical practice, and their clinical and chemical properties have been
extensively reviewed [240–242]. Their half-life ranges from 6 h (bromocriptine)
to 76–100 h (cabergoline). All clinically used DA agonists are D2/D3 selective.
Importantly, DA agonists that have a lower propensity to induce dyskinesia also
demonstrate lower antiparkinsonian efficacy than L-DOPA. Most are currently used
for treatment of early PD with the aim of delaying the introduction of L-DOPA,
but eventually all PD patients require L-DOPA to achieve adequate antiparkinso-
nian effects [241, 251, 252]. The importance of long half-life for reduced dyskinetic
potential is best supported by the data that continuous infusion of the same drug (L-
DOPA, apomorphine, etc.) causes less dyskinesia than intermittent administration
[253, 254].

The long-lived DA agonists, in contrast to L-DOPA, cause minimal behavioral
sensitization and a smaller increase in rotation frequency upon repeated administra-
tion [60, 118, 125], and they do not induce AIMs [125]. Short-lived agonists such as
apomorphine induce behavioral sensitization and AIMs similarly to L-DOPA [137,
247]. Long-lived DA agonists do not induce some of the signaling effects charac-
teristic of L-DOPA, such as up-regulation of dynorphin [60, 138, 142, 196, 255],
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substance P [195, 196], or D3 receptors [60] in the lesioned striatum. We showed
that the clinically effective DA agonist pergolide (half-life ∼21 h), in contrast to L-
DOPA, does not induce constitutive activity of the Akt pathway [60]. The long-lived
D2 agonist cabergoline does not up-regulate �FosB in MPTP-lesioned monkeys, but
instead reverses the up-regulation of the basal level of �FosB induced by the lesion
[179]. The DA agonists also reverse the lesion-induced up-regulation of enkephalin
[60, 138, 141, 195, 196], which is not reversed by L-DOPA. In our experiments, per-
golide was more successful than L-DOPA in normalizing the expression of GRKs
altered by the dopaminergic lesion [118]. The fact that these signaling changes cor-
relate with the presence or absence of dyskinesia argues for their role in LID. The
continuous administration of L-DOPA via pump also does not produce LID in PD
patients [252, 254] or animal models of PD [67]. Thus, long-lived DA agonists do
not, as a rule, exaggerate the signaling effects produced by DA depletion or induce
them de novo. They are often capable of reversing those effects of the DA depletion
that are not normalized by L-DOPA. These properties might be related to their lower
propensity to induce dyskinesia in humans and experimental animals, but the exact
signaling mechanisms remain to be elucidated.

18.2.3.2 Why Are Clinically Used DA Agonists Less Efficacious than
L-DOPA?

One possibility is that they target only D2/D3 receptors, whereas L-DOPA obviously
targets all DA receptor subtypes. The dysfunctions of the D1 receptor-mediated sig-
naling in the DA-depleted striatum are well documented. Thus, the exclusion of
D1 receptors may reduce the efficacy of these drugs. The mixed D3/D2/D1 agonist
rotigotine has recently been shown to be effective in animal models and early [256]
and advanced PD [257], although its signaling effects are yet to be explored. The
synergism of the D1/D2 activity in the striatum and the ability of D1 and D2 drugs
to prime for each other (discussed in Section 18.1.3) suggest that the absence of D1
action is likely to reduce the amplitude of the responses elicited by DA agonists, as
well as limit the cells and brain regions involved.

Another possibility is that the same property of these drugs that ensures their
lower propensity to cause dyskinesia, i.e., longer life, also contributes to their
lower efficacy. Continuous receptor stimulation often reduces responses to sub-
sequent stimuli, a phenomenon known as tolerance. Long-lived or short-lived
continuously administered DA agonists induce behavioral tolerance in parkinso-
nian animals [59, 250, 258]. GPCRs desensitize upon continuous stimulation via
GRK-mediated phosphorylation followed by arrestin binding, which uncouples the
receptor from G proteins and precludes further signal transduction. The receptor
is then internalized into the endosomes and needs to be relieved of arrestin and
dephosphorylated before it can be recycled to the plasma membrane and reused
[157]. If the stimulation persists, the receptor is sent to the lysosomes and degraded,
which down-regulates the available cell surface receptors. DA agonists may dif-
fer from L-DOPA in the way they engage the receptor desensitization machinery.
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The homologous desensitization system is aimed at rapid termination of the signal-
ing to ensure high temporal resolution. It is specifically designed to allow the cell
to ignore persistent background stimulation to ensure high sensitivity to changing
stimuli. Thus, longer-lived DA agonists are likely to induce more pronounced recep-
tor desensitization, internalization, and down-regulation than short-lived drugs such
as L-DOPA.

There are reports that DA agonists down-regulate D2 receptors in the striatum of
PD patients more effectively than L-DOPA [259, 260]. In live animals, it is diffi-
cult to detect desensitization because it is a rapid process with minute kinetics, and
internalization can only be seen at the resolution of electron microscopy. Down-
regulation, however, can be easily detected by receptor-binding techniques, and
overall inhibition of signaling can also be easily documented. Increased cytoplas-
mic localization of D1 receptors has been found at postmortem in the putamen of
PD patients chronically treated with L-DOPA [261], possibly indicative of increased
internalization. It is impossible to establish whether this is indeed so from this type
of experiment, but if it is, it means that L-DOPA promotes receptor desensitiza-
tion, which makes sense. However, studies in MPTP-treated monkeys demonstrated
increased recruitment of D1 receptors to the plasma membrane both in drug-naïve
MPTP-lesioned and in L-DOPA-treated dyskinetic animals [262], suggesting a
deficit in receptor internalization in LID rather than excessive internalization. This
result is in agreement with the evidence that L-DOPA down-regulates the expres-
sion of arrestins and GRKs in MPTP-lesioned monkeys and tends to do so slightly
more in animals with overt dyskinesia [96]. In hemiparkinsonian rats, pergolide,
but not L-DOPA, was able to reverse the lesion-induced down-regulation of GRK
isoforms in the caudal striatum [72], which could promote the desensitization of
DA receptors and a reduction of the signaling caused by the drug [60]. The lim-
ited available data confirm that long-lived DA agonists tend to suppress signaling
and reduce the receptor number. We have demonstrated that pergolide reduced the
concentration of D3 receptors in the lesioned and even in the intact hemisphere
of hemiparkinsonian rats, whereas L-DOPA significantly up-regulated them [60].
This effect of pergolide could be indicative of D3 receptor desensitization by the
drug. Interestingly, long-lived agonists selectively targeting D1 receptors rapidly
lose their antiparkinsonian effect due to the development of tolerance, and dose
escalation usually fails to restore the response [183, 249, 250]. This is one of the
reasons why no selective D1 drug has reached the clinic in spite of demonstrated
antiparkinsonian efficacy. Molecular studies found that D1 receptors readily desen-
sitize in an arrestin- and GRK-dependent manner [263], whereas D2 and especially
D3 receptors are relatively resistant to the homologous desensitization [264–266].
These data agree well with preclinical and clinical evidence on the activity of D1-
and D2-selective agonists in PD.

Another property of L-DOPA that DA agonists do not have is that L-DOPA is con-
verted to DA, which is then packaged in synaptic vesicles and released by neurons
upon stimulation in a phasic spike-dependent manner. Agonists are not packaged
and provide task-independent continuous stimulation of DA receptors. Therefore,
long-lived DA agonists mimic well the tonic mode of DA action but are unable
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to act in the spike-dependent phasic mode. Thus, they should be less able to sup-
port goal-oriented behavior than DA. The potential importance of this feature in the
treatment of PD is highlighted by studies of DA null mice. They are hypoactive and
hypophagic and cannot survive without forced feeding. The mice can be rescued
by administration of L-DOPA, which supports proper feeding behavior, but not by
D1, D2, or mixed D1/D2 agonists [267]. Apparently, the mode of DA release and
receptor stimulation is critical in determining downstream signaling events, which
are indispensable for the regulation of complex behaviors.

18.2.3.3 Continuous Versus Pulsatile Stimulation of DA Receptors

The lower propensity of DA agonists to induce dyskinesia is believed to be due
to their longer life, which translates into more even stimulation of DA receptors.
The successful use of long-lived DA agonists and infusion of L-DOPA and short-
lived agonists gave rise to the concept that continuous stimulation of DA receptors
should be the goal in the treatment of PD [252, 253, 268]. The idea that continu-
ous stimulation of DA receptors is physiological is supported by the evidence that
dopaminergic neurons fire constantly at a low rate, inducing tonic release of DA
[269], which maintains a constant or nearly constant DA concentration in the stria-
tum and an ongoing tonic modulatory influence of DA on striatal neurons [270,
271]. D2 antagonists cause multiple signaling events in striatal neurons [180], which
is easy to interpret as stemming from the removal of the constant inhibition of these
pathways via D2 receptors. Apparently, the numerous extrasynaptic DA receptors
found on striatal neurons [15] are meant to mediate tonic spike-independent DA
activity in the striatum. However, this continuous tonic mode is not the only type of
DA release in the striatum, as evidenced by phasic massive DA release during task
performance in animals and humans [271, 272].

Normally, efficient reuptake of DA by dopaminergic terminals rapidly reduces
the DA concentration to basal. L-DOPA causes manifold higher elevation of DA
in the lesioned than in the intact striatum [273–275], likely due to the reduced
clearance capacity of the sparse dopaminergic terminals. Even by itself, without
specific postsynaptic changes, such a huge short-term increase in the synaptic DA
concentration might contribute to peak-dose dyskinesia. Therefore, for the pre-
vention of LID it might be beneficial to smooth out such fluctuations in the DA
availability. Partially this could be achieved via co-administration of catechol-O-
methyl transferase (COMT) (entacapone, tolcapone) or monoamine oxidase (MAO)
inhibitors (deprenyl) with L-DOPA to slow down the degradation of DA and pro-
long its effects. These drugs have been introduced into clinical practice and proved
beneficial in patients at different stages of the disease [276].

When drug-naïve PD patients are treated with long-lived DA agonists, they expe-
rience a lower incidence of dyskinesia [240, 241]. A somewhat different question
is whether continuous stimulation of DA receptors with continuously adminis-
tered L-DOPA/short-lived DA agonists or with long-lived DA agonists can reverse
already established LID. Clinical trials so far failed to unequivocally demonstrate an
antidyskinetic effect of DA agonists on previously established LID [251], although
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there is strong enthusiasm for continuous dopaminergic stimulation as the strategy
to provide antiparkinsonian benefits while controlling LID [253, 268]. If the lower
efficacy of clinically used DA agonists is due to the lack of D1 activity, continuously
administered L-DOPA should be just as efficacious as regular L-DOPA but without
the motor fluctuations. It remains unclear whether this is the case, since no large,
long-term, double-blind studies have been conducted so far. Tolerance might be less
of a problem with L-DOPA, even continuously administered, than with long-lived
DA agonists, since DA synthesized from L-DOPA can be packaged and released in
a phasic manner. Very few studies have examined the signaling effects of continu-
ous L-DOPA administration, and those that have show similar results to those with
long-lived DA agonists [67], specifically, that continuous L-DOPA does not induce
the effects typical for intermittent L-DOPA administration.

18.2.4 Molecular Mechanisms of L-DOPA-Induced Dyskinesia

Multiple biochemical changes discussed above are induced by prolonged L-DOPA
treatment, and some of them appear to correlate with the severity of LID in humans
and animals. However, the functional role of most of these effects in LID remains
unknown. Unfortunately, even the most robust correlation does not mean cause-and-
effect relationship. The correlation of a molecular process with LID by itself does
not help to establish the place of the process in the chain of events that ultimately
produces LID. Since L-DOPA has antiparkinsonian as well as dyskinetic activity,
classifying molecular consequences of L-DOPA treatment as antiparkinsonian or
dyskinetic is a formidable task. Moreover, to understand the molecular mechanisms
of LID, it is critical to separate the core processes from downstream events. What we
already know about the molecular mechanisms of GPCR regulation might be very
helpful in achieving these goals. Here we attempt to reconstruct molecular events
that might bring about modification of the DA receptor signaling underlying LID
and point out the gaps in our knowledge.

18.2.4.1 Critical Elements in the Development of L-DOPA-Induced Dyskinesia

Three considerations are important for understanding the molecular mechanisms
of LID. First, L-DOPA is taken by PD patients that have lost at least half of their
dopaminergic neurons, which means that L-DOPA acts on the background of the
DA depletion and the signaling changes already induced by it (Figs. 18.2 and 18.3).
The requirement of dopaminergic degeneration for the induction of LID is well
supported by clinical and experimental data [125, 218]. Normal people or animals
do not respond to doses of L-DOPA that produce dyskinesia in PD patients or
lesioned animals. The probability of LID increases with the severity of dopamin-
ergic degeneration in PD patients and experimental animals. It is conceivable that
the lesion-induced supersensitivity of DA receptors is a prerequisite for LID induc-
tion. This view is supported by the evidence that a single administration of L-DOPA
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induces multiple persistent proteomic changes in the DA-depleted, but not the nor-
mal, monkey striatum [147]. These effects may underlie the priming phenomenon,
which is believed to be critical for the development of LID.

The second point is that L-DOPA is taken for a long time, and its clinical effects
change over time. LID emerges after a few years of L-DOPA therapy and progresses
thereafter. One reason for the delay may simply be the continuing degeneration of
dopaminergic neurons that eventually reaches the LID threshold. Another possibility
is that chronic L-DOPA induces plastic changes in the striatal signaling pathways
that require time and chronic drug administration to develop, irrespective of the
progression of the degeneration. In human PD patients, both processes are likely at
work. Using animal models of PD, which have stable and often quite extensive loss
of dopaminergic neurons, we can distinguish between lesion-induced changes and
plastic effects that require chronic L-DOPA administration.

The third point is that, because of its short life, L-DOPA causes rapid elevation
of the DA concentration followed by rapid clearance, resulting in a pulsatile mode
of DA receptor stimulation: strong stimulation followed by periods of little or no
stimulation.

18.2.4.2 DA Receptor Supersensitivity and L-DOPA-Induced Dyskinesia

If the presence of a particular signaling process is necessary and sufficient for the
induction of LID, it would prove that this process is part of the molecular mech-
anism underlying LID. Since LID undoubtedly involves multiple mechanisms, it
will likely be possible to demonstrate only that the process significantly contributes
to LID severity. The behavioral sensitization phenomenon in the 6-OHDA-lesioned
hemiparkinsonian rat is the most frequently used animal model of LID, particularly
in molecular studies. Although the L-DOPA-induced rotations in this model do not
resemble LID in the least, the progressive increase in the rotation frequency upon
chronic administration of L-DOPA mimics the progressive nature of LID quite well.
The progressive behavioral sensitization to L-DOPA in animals with stable depletion
of dopaminergic neurons argues for the role of plastic signaling changes produced
by chronic L-DOPA in LID induction. Since rotations induced by dopaminergic
stimulation are attributed to the supersensitivity of DA receptors in the striatum, the
increased rotation frequency due to behavioral sensitization suggests that receptor
responsiveness is further increased by chronic L-DOPA administration. However,
different signaling pathways respond differentially to the L-DOPA treatment. As
discussed in Section 18.2.2, the sensitivity of several pathways is actually reverted
to normal levels by L-DOPA, suggesting that these pathways are probably not
responsible for the behavioral sensitization to L-DOPA. The signaling abnormali-
ties caused by DA loss that are aggravated by L-DOPA are more likely candidates
(Fig. 18.4).

The pathway(s) leading to LID appear to start from the supersensitivity of DA
receptors, apparently both D1 and D2 subtypes. The molecular mechanism of this
supersensitivity may include increased availability of D1 receptors at the plasma
membrane [262] and increased D1 receptor coupling to G proteins [95], although
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the mechanisms that bring about these changes remain undefined. The up-regulation
of Gαolf that has been proposed to mediate the lesion-induced supersensitivity of D1
receptors is actually reversed by chronic L-DOPA [78]. A number of downstream
members of various pathways have been shown to be hyper-activated in the dysk-
inetic striatum as compared to non-dyskinetic L-DOPA-treated animals. Enhanced
cAMP-mediated signaling has been implicated in LID, including enhanced activ-
ity of the DARPP-32-based amplification loop and ERK1/2 [85]. The substrate
of ERK1/2, mitogen- and stress-activated kinase 1 (MSK-1), is also hyperphos-
phorylated in the striatum of dyskinetic animals [85]. LID is accompanied by
enhanced PKA-mediated phosphorylation of the GluR1 subunit of the AMPA recep-
tor [85] indicative of elevated AMPA transmission. However, the supersensitivity of
these pathways is attenuated by L-DOPA, although to a lesser extent in dyskinetic
animals.

Conversely, the accumulation of �FosB seems to have a causal connection with
LID [223]. �FosB is known to regulate dynorphin expression [223], and strong
up-regulation of dynorphin by L-DOPA closely parallels the time course of behav-
ioral sensitization to L-DOPA [66, 144, 205, 223]. The D3 receptor is also strongly
up-regulated by L-DOPA, with a time course parallel to that of behavioral sensitiza-
tion, and abolition of the D3 receptor up-regulation by blockade of D1 receptors
inhibits the behavioral response [60, 66, 67]. Moreover, treatment of dyskinetic
monkeys with a partial D3 receptor agonist co-administered with L-DOPA reduces
LID without affecting the antiparkinsonian benefits, presumably via a judicious
reduction of the D3 receptor-mediated signaling [30]. Enhanced constitutive activ-
ity of the Akt-GSK3 pathway also parallels behavioral sensitization to L-DOPA
[60]. These signaling pathways might provide some mechanistic foundation for
the enhanced dopaminergic responsiveness of the dyskinetic brain. Thus, it appears
that dopamine depletion-induced supersensitivity of some, but not all, DA receptor-
dependent pathways is further exacerbated or fixed by L-DOPA, thereby leading
to LID (Fig. 18.4). It remains unclear how differential sensitivity of several path-
ways initiated by the same receptor can be achieved mechanistically. It is equally
unclear which exaggerated molecular responses are the cause and which are the
consequence of the abnormal dopaminergic signaling.

18.2.4.3 Molecular Mechanisms of the Dopaminergic Supersensitivity
in L-DOPA-Induced Dyskinesia

The key point in this model that remains completely unexplained is the origin of
the L-DOPA-induced supersensitivity of DA receptor-mediated signaling pathways.
Strictly speaking, we do not know how DA depletion produces supersensitivity,
but we understand even less the L-DOPA-induced sensitization of dopaminergic
responses. Additionally, there is no ready explanation of why L-DOPA normal-
izes some signaling pathways while further upsetting the others. The lesion-induced
receptor supersensitivity can be understood as one of many compensatory responses
designed to maintain dopaminergic signaling upon the loss of DA. Mechanistically,
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it could be explained by up-regulation of G protein(s) that enhances the G protein-
mediated signaling, which is then propagated and amplified along the signaling
pathways.

Assuming that striatal DA controls the expression of signaling proteins, the
removal of that control upon DA depletion might be responsible for the Gαolf
up-regulation via activation of specific transcription factors. L-DOPA, by replen-
ishing striatal DA, should be expected to reverse that effect, and it does just that.
Thus, no mechanistic explanation for the further enhancement of the signaling via
D1 receptors by chronic L-DOPA administration is currently available. It is possible
that L-DOPA augments the signaling via suppression of receptor desensitization.
We found that L-DOPA, in contrast to the long-lived DA agonist pergolide, was
largely unsuccessful in reversing the down-regulation of GRK isoforms induced by
DA depletion in the caudal striatum [72]. The reduction in the availability of GRKs
in the motor regions of the striatum, which is not reversible by L-DOPA, could
actually contribute to LID or provide a favorable background for the development
of LID. Lower concentrations of all GRK isoforms would impede receptor desen-
sitization, and any factor that enhances the signaling would do it more effectively
when the normal desensitization process is partially disabled. If this is the case,
an increased GRK concentration should suppress LID. We have found that overex-
pression of GRK isoforms in the lesioned striatum using lentivirus-mediated gene
transfer suppresses behavioral sensitization to L-DOPA and L-DOPA-induced AIMs
in hemiparkinsonian rats [277].

Enhanced RGS-mediated attenuation of D2 receptor signaling may also be bene-
ficial in LID. Indeed, overexpression of RGS9-2 was found to ameliorate LID in the
rodent and monkey models of PD, whereas the loss of RGS9-2 augmented it [177].
Therefore, desensitization of D1 and D2 receptors appears to be beneficial for con-
trolling LID without compromising the antiparkinsonian effect of L-DOPA. This
is understandable, because facilitated desensitization ensures rapid signal shutoff
but does not prevent the signal from going through, thus preserving antiparkinso-
nian activity. The efficacy of techniques promoting the desensitization process as
antidyskinetic measures supports the idea that abnormally enhanced signaling by
DA receptors is responsible for LID. This evidence suggests that the mechanisms of
DA receptor desensitization are intimately involved in the development of LID and
should be targeted for therapeutic purposes.

To date, numerous questions concerning the mechanism of LID remain unan-
swered. Many studies of LID mechanisms rely on the distinction between “dysk-
inetic” and “non-dyskinetic” animals. It has been repeatedly reported that in
non-dyskinetic animals, L-DOPA reverses various signaling effects produced by
DA depletion, whereas these changes persist or are even augmented in dyskinetic
animals [85, 95, 121]. At first glance, these data suggest that the effects of L-DOPA
are different or even opposite in the two categories of subjects. However, it is only
a matter of time and/or L-DOPA dose before non-dyskinetic subjects become dysk-
inetic. The AIMs frequency in hemiparkinsonian rodents depends directly on the
L-DOPA dose and the duration of treatment [121, 125, 216], and all MPTP-lesioned
monkeys can be rendered dyskinetic and achieve similar dyskinetic scores with
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prolonged and/or higher dose L-DOPA treatment [177, 278]. Similarly, a very large
proportion, if not all human PD patients eventually develop LID [218]. Thus, it
is much more likely that L-DOPA (as well as other antiparkinsonian treatments)
induces qualitatively similar changes in signaling in all subjects, and the differ-
ence lies in the extent and/or the time course of these changes. For example,
if ERK1/2 hyper-phosphorylation induced by DA depletion is reversed in non-
dyskinetic animals, it is likely reversed in all animals to different degrees. Indeed,
the data show that there is a reversal of the lesion-induced super-responsiveness
of ERK1/2, DARPP-32, and GluR1 in both dyskinetic and non-dyskinetic groups
[60, 154]. The difference between the drug-naïve and the L-DOPA-treated hemi-
parkinsonian animals is actually greater than the difference between dyskinetic and
non-dyskinetic ones. It should be emphasized that these data do not mean that
the residual supersensitivity does not contribute to LID. In particular, DARPP-32
acts as an amplifier of the PKA-mediated signaling, and its removal may sup-
press dyskinesia by blunting the signaling via multiple pathways [88]. However,
the pathways that respond to chronic L-DOPA in this manner are unlikely to
be at the core of the LID pathology. A few “master” modifications propagated
along the signaling network, eventually fixing the overactive state of DA recep-
tors are likely to be responsible for LID. The candidate pathways should be
progressively distorted by L-DOPA to a varying degree in all individuals. A few
signaling effects described so far meet this criterion: accumulation of �FosB, Arc,
Homer-1a, GAD67, dynorphin, and D3 receptors, as well as sensitization of CREB
phosphorylation and the Akt pathway (Fig. 18.4). Technically, the dynorphin and
D3 receptor effects could be considered a reversal of the lesion-induced down-
regulation, but the L-DOPA-induced expression of both proteins overshoots the
pre-lesion levels very rapidly in all animals. The molecular processes that elicit these
disparate effects and the specific roles of each in the generation of LID need to be
determined.

It is obvious that L-DOPA exerts multiple effects on signaling mechanisms in
all individuals. Some of these actions may be beneficial and the others detrimen-
tal from the clinical standpoint. The beneficial action mimics the normal effects of
DA, thus reversing the signaling deficits induced by DA depletion. The detrimen-
tal action likely represents a further distortion of the signaling already damaged by
DA depletion, rather than a simple reversion of the depletion effects. It is likely
that even a single dose of L-DOPA has damaging potential, which is reflected in
the well-known “priming” phenomenon. Upon prolonged treatment or administra-
tion of higher doses, these detrimental signaling effects of L-DOPA might grow
strong enough to block and/or overshadow its beneficial effects, which restore nor-
mal signaling. These effects also seem to become permanent or semi-permanent,
maintaining sensitized signaling even after a prolonged “drug holiday.” Due to indi-
vidual differences, the detrimental activities of L-DOPA might be stronger in some
individuals and weaker in others, which is reflected in the different L-DOPA doses
and treatment times required to induce overt LID in different individuals. The goal
should be to identify the alterations induced by L-DOPA that persist or increase with
time and/or dose and have the potential to establish a positive feedback mechanism,
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further elevating the DA receptor signaling. Unfortunately, most studies have been
performed with a single dose of L-DOPA administered for a fixed time. If we are to
identify the mechanisms of LID, it is crucial to quantitatively evaluate the dose and
time dependence of L-DOPA-induced signaling changes in animals with both low
and high propensities for LID.

18.2.5 Mechanisms of L-DOPA-Induced Motor Fluctuations

Treatment with L-DOPA, in addition to dyskinesia, gives rise to a number of effects
collectively referred to as motor fluctuations. Different types of motor fluctuations
are known but all describe a short, uncertain, or unstable therapeutic effect of a dose
of the drug, which can appear or disappear without connection to the actual presence
of the drug in the body. The therapeutic action of L-DOPA becomes shorter (wear-
ing off) as the disease progresses. Occasionally, the therapeutic relief is delayed or
does not appear at all (delayed or no “on” effect), and sometimes a person alter-
nates between the “off” and the “on” stages (on-off fluctuations), even though the
concentration of the drug in the body remains stable. In the worst case, the per-
son may alternatively experience the “off’ state and dyskinesia without any positive
“on” effect at all [182].

If LID represents an unwanted response to L-DOPA that emerges with time due
to some sort of sensitization, motor fluctuations reflect a loss of the therapeutic
effect of the drug present in the system and may be due to tolerance [251]. The
shortened response to L-DOPA is likely to be partially due to progressive loss of
dopaminergic terminals and the capacity for storage of DA. Since the response
to DA agonists, which are not stored in the brain, is also shortened with repeated
administration [185, 279–282], additional explanation involving modifications of
postsynaptic striatal machinery is necessary. It is important to bear in mind that
therapeutic, appropriate motor responses to L-DOPA become larger with shorter
latency to peak [279, 281–284] at the same time as they become shorter in duration.
The increased amplitude of the responses is analogous to the sensitization mecha-
nism involved in LID, which also becomes more severe with time [284], whereas
the reduced duration seems to reflect the opposite process of tolerance.

What are the possible molecular mechanisms of L-DOPA-induced motor fluc-
tuations, and how do they relate to those of dyskinesia? The common feature of
dyskinesia and motor fluctuations is that they seem to be based largely on postsy-
naptic modifications of the responsiveness of striatal neurons. These modifications
are probably initiated by alterations in the DA receptor signaling caused by DA
depletion and L-DOPA treatment and then spread to other signaling systems. The
development of LID and motor fluctuations go hand in hand, and many patients
have both [211, 217], although phenotypically LID and motor fluctuations, or insuf-
ficient “on” response, appear to be the opposite ends of the spectrum. In the clinic,
it has been a challenge to control LID while maintaining adequate antiparkinso-
nian response, which suggests that the mechanisms of LID and the antiparkinsonian
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action are intertwined. Only a handful of drugs have been found to ameliorate
LID without reducing the antiparkinsonian effect [251]. Thus, the clinical prac-
tice indicates that LID and motor complications cannot be entirely suppressed at
the same time, and only a trade-off between LID and motor complications can be
achieved. The mechanistic implication of this conclusion is that, although both LID
and motor complications develop as a result of the signaling changes induced by
chronic L-DOPA treatment on the background of dopamine denervation, these phe-
nomena rely on molecular mechanisms opposite in nature and yet co-existing and
interconnected. The current challenge is to identify these mechanisms.

A possibility has been suggested that continuous stimulation of DA receptors
by mixed DA agonists or L-DOPA delivered constantly (via transdermal patches or
intraintestinally) may provide antiparkinsonian benefits without inducing dyskine-
sia, thus avoiding the Scylla and Charybdis of LID and motor fluctuations [251,
253, 268]. This idea is based on the tonic mode of DA release in the striatum, the
low dyskinetic potential of long-lived DA agonists, and the experimental evidence
that dyskinesia is more easily avoided with continuous than with intermittent deliv-
ery of the same drugs [243, 244]. However, round the clock delivery of L-DOPA or
short-lived DA agonists is frequently associated with psychiatric problems such as
hallucinations [251]. Similarly, long-lived DA agonists cause psychiatric problems,
such as hallucinations, pathological gambling, hypersexuality, compulsive behav-
iors, and addiction to dopaminergic medication [285–287]. This necessitates the
delivery to be confined to daytime hours, which usually alleviates the problems
[191]. If the dopaminergic stimulation is not continuous, troughs of the stimula-
tion seem to be particularly detrimental [254]. So far, no large, randomized clinical
studies have been conducted to prove the benefits of continuous stimulation. The
presence of dyskinesia combined with modest antiparkinsonian effects in patients
with fetal nigral transplants, which, supposedly, provide continuous release of DA,
is at odds with the idea that continuous stimulation is the optimal therapy [288–290].

Very few mechanistic studies of motor fluctuations have been performed due to
the paucity of animal models of this phenomenon. In hemiparkinsonian rats, chronic
treatment with L-DOPA induced a progressively shorter rotational response [105,
291], the behavioral process closely resembling wearing off in PD patients. The
effect may require specific conditions to emerge, since it was not noted in other labs
[125]. Longer treatment with L-DOPA is needed to induce the response shortening
(approximately 3 weeks) than behavioral sensitization (a few days), which mimics
the time course of these complications in PD patients [292]. This effect is asso-
ciated with sensitized CREB phosphorylation in response to acute challenge with
L-DOPA [105]. D1, but not D2, agonists mimic the elevation. The increase in CREB
responsiveness parallels the time course of the shortening of the rotational response,
which remains decreased for several weeks after L-DOPA withdrawal and returns to
normal by the sixth week. Moreover, intrastriatal administration of a PKA inhibitor
or CREB antisense oligonucleotide restored the normal duration of the rotational
response. Up-regulation of PKC activity by viral gene transfer of the PKC catalytic
subunit accelerates the shortening of the response in the course of chronic L-DOPA
treatment, a process apparently mediated by enhanced phosphorylation of the GluR1
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subunit of the AMPA receptor at the PKC site Ser831. Inhibition of PKC in animals
overexpressing PKC attenuates both GluR1 phosphorylation and response shorten-
ing. Interestingly, the reversal of the response shortening during chronic L-DOPA
treatment by an adenosineA2A receptor antagonist was concomitant with a fur-
ther increase in the expression of dynorphin as compared to L-DOPA alone [293],
supporting opposing mechanisms for LID and motor fluctuations and providing a
certain mechanistic basis for the increase in LID by suppressing motor fluctuations.
However, the relationship between the shortening of the response and the sever-
ity of LID was not addressed in these studies. In some cases, the same drugs that
relieved LID also restored the normal response duration [232, 294–296], implicating
similar mechanisms in both types of L-DOPA-induced motor complications. In spite
of superficial similarity, it remains unclear whether the shortening of the motor
response to L-DOPA in hemiparkinsonian rats is mechanistically analogous to L-
DOPA-induced motor fluctuations in human patients. The amount of available data
is grossly insufficient to identify the overlapping or contrasting molecular processes
underlying LID and motor fluctuations.

18.3 Dopamine Receptors and Neuroprotection in Parkinson’s
Disease

Dopaminergic drugs used in the symptomatic treatment of PD, such as L-DOPA
and DA agonists, exert their therapeutic effects via interaction with DA receptors
in the striatum. However, the dopaminergic neurons of the substantia nigra pars
compacta that provide DA to the striatum express DA receptors, suggesting that
DA and dopaminergic drugs can exert direct regulatory influence on these neurons.
The expression of D2 and D3 receptors in the substantia nigra pars compacta and,
specifically, in dopaminergic neurons of the rodent and primate brain is well doc-
umented [7, 11, 13, 28, 297, 298]. D4 receptors are abundant in the neuropil and
are detected in GABAergic cells of the substantia nigra pars reticulata [40, 299]. D4
receptors are present in the small proportion of tyrosine hydroxylase (TH)-positive
terminals in the nucleus accumbens [300] suggesting that a fraction of dopaminer-
gic neurons may express these receptors. Most studies failed to detect D1 receptor
protein or mRNA in neurons of the substantia nigra compacta [6, 7, 301]. In con-
trast, immunohistochemical and in situ hybridization experiments demonstrated the
presence of D5 receptors in dopaminergic neurons [42, 44, 302]. D1 receptors are
abundant in the neuropil in the substantia nigra reticulata, presumably localizing
on striatonigral terminals of the direct pathway [6, 24] including terminals form-
ing synapses on TH-positive dendrites [301]. In the monkey brain, occasional D1
receptor-positive perikarya are detected in the substantia nigra [24].

Since dopaminergic neurons, which progressively die in PD, possess DA recep-
tors, it is possible that dopaminergic drugs affect viability of these neurons. By
the time PD is diagnosed, approximately 50–70% of the dopaminergic cells of the
substantia nigra have been lost. The remaining cells are believed to slowly degener-
ate as the disease progresses, contributing to the worsening of the symptoms and
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of the side effects of L-DOPA therapy. Therefore, the welfare of the surviving
dopaminergic neurons is of prime concern for the success of the PD treatment.

The effect of DA replacement therapy on the survival of these neurons is a
highly controversial subject. In the course of its normal metabolism, DA produces
a number of reactive oxygen species that can cause oxidative stress. L-DOPA,
being a close relative of DA, can do the same, as can DA synthesized from
L-DOPA. Since L-DOPA administration creates surges of L-DOPA and DA in the
DA-depleted brain, this situation may be toxic for dopaminergic cells, which are
vulnerable to oxidative stress [303], and promote cell death. Numerous in vitro
studies have demonstrated L-DOPA toxicity in dopaminergic cell lines and cul-
tured mesencephalon neurons [304–311]. The opposite view holds that L-DOPA
can be neuroprotective under specific circumstances [304, 309, 312, 313]. L-DOPA
induces oxidative stress and at the same time protects from it by engaging cellular
antioxidative mechanisms, since inhibition of L-DOPA-induced oxidative stress also
inhibits neuroprotection [304, 309]. These L-DOPA effects might be based solely
on L-DOPA metabolism and independent of DA receptors [313]. The stimulation
of DA receptors by DA may also be toxic to neurons [314, 315]. The most impor-
tant question is, of course, whether L-DOPA is toxic in vivo in humans and animals
in the situation when nigral neurons are under oxidative stress as occurs in PD.
The answer to this question has immediate clinical implications for whether or not
to delay L-DOPA introduction. Most in vivo studies in animals have found so far
that L-DOPA is harmless [125, 316] or even neuroprotective [317, 318]. The large
ELLDOPA clinical study aimed at resolving the issue failed to do so [319, 320].
The patients on L-DOPA showed a better clinical picture after the 2-week L-DOPA
washout period than those on the placebo, but the concern was raised that long-term
drug effects might have been responsible. The imaging studies included in the trial
added insult to injury by demonstrating a greater decline in nigrostriatal biomarkers
in the L-DOPA as compared to the placebo group. Thus, the problem of the potential
toxicity of L-DOPA remains unresolved.

In contrast to L-DOPA, DA agonists are generally believed to be neuroprotec-
tive, although hard evidence remains scarce. Clinical studies have demonstrated
better preservation of the nigrostriatal system in patients treated with DA ago-
nists than in those treated with L-DOPA [321, 322]. Many DA agonists have been
found to protect dopaminergic neurons against neurotoxins in animal models of
PD [323–330]. The mechanism of the neuroprotection provided by DA agonists is
puzzling. The neuroprotection by DA agonists may be independent of DA recep-
tors, relying instead on the free radical scavenging properties of the drugs [327].
However, the action at DA receptors may also be involved. In vitro, DA agonists
protect dopaminergic neurons from death induced by a variety of insults via stimu-
lation of D2-like [327, 331–333] or D1-like [334] DA receptors. In particular, a case
has been made for the prime role of the D3 receptor in the neuroprotective activ-
ity of DA agonists [335]. Indeed, most clinically used DA agonists have a higher
affinity for the D3 than for the D2 receptor [242]. Furthermore, the neuroprotective
activity of the D3/D2 agonist pramipexole against the MPTP toxicity is attenuated in
mice lacking D3 receptors and by co-administration of a selective D3 antagonist, the
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effect of which is abrogated in D3 knockout mice [336]. The neuroprotective effect
of pramipexole and another D3/D2 agonist, S32504, against the MPTP toxicity in
terminally differentiated neuroblastoma SH-SY5Y cells depends on the recruitment
of brain-derived neurotrophic factor (BDNF) [333, 337], glial-derived neurotrophic
factor (GDNF) [337], and the Akt pathway [333]. To summarize, a number of stud-
ies have demonstrated the neuroprotective activity of D2/D3 DA agonists in vitro
and in vivo. However, the signaling mechanisms mediating this effect remain largely
unexplored, and no convincing mechanistic model has emerged so far. The inherent
difficulties of these complex studies are further compounded by the obscure signal-
ing pathways of the D3 receptor, even if the D3 receptor does play the starring role
in neuroprotection in PD.

18.4 Conclusions

The available evidence strongly indicates that the hallmark feature of PD, DA deple-
tion, results in profound changes in several signaling pathways. These alterations,
including the supersensitivity of DA receptor signaling, apparently first emerge as
adaptive responses to the reduced supply of endogenous DA. Administration of
L-DOPA and DA agonists in parkinsonian patients and animal models of PD brings
about additional changes in cell signaling. Certain therapy-induced modulations
appear to represent the reversal of disease-induced changes and a rebalancing of
signal transduction at or near normal levels, whereas others constitute further devi-
ations that are likely involved in the pathogenesis of dyskinesia and other motor
complications arising in the process of chronic treatment.

Our understanding of the cellular and molecular mechanisms underlying differ-
ent aspects of Parkinson’s pathology and motor complications is very uneven. For
example, our current model of the circuit effects translating DA depletion into aki-
nesia is fairly well developed, whereas the mechanisms producing another typical
feature of Parkinson’s pathology, tremor, remain obscure. At the molecular level, G
protein-mediated signaling via D1 receptors and its connection with PKA activity
and modulation of its targets are much better documented than the signaling via the
D2 and D3 receptors that are also affected in PD. To improve the effectiveness of
existing therapies and, especially to devise novel treatments for PD, we urgently
need to elucidate how the network of cellular signaling pathways is regulated by
each of the DA receptors in the normal and diseased brain. The field needs to take
full advantage of the available molecular approaches and the opportunities opened
by the creation of knockout and transgenic mice to identify all the key players in
DA signaling via each of the DA receptors. In each pathway, we need to estab-
lish which proteins are up- or downstream of each other and which players are rate
limiting in the normal and diseased striatum. Manipulation of the most upstream
and rate limiting elements usually changes the pathway output more effectively,
which would make these signaling proteins the most promising therapeutic targets.
Although this approach would require a lot of additional experimentation, it offers
the best hope for selective enhancement of the antiparkinsonian effects of L-DOPA
or DA agonists with simultaneous suppression of the signaling events responsible
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for dyskinesia and other unwanted side effects of currently used treatments. Only a
mechanism-based approach can lead to the “holy grail” of PD therapy, the preser-
vation of dopaminergic neurons using molecular tools to enhance pro-survival and
suppress pro-apoptotic signaling in the substantia nigra, which would make DA
replacement strategies obsolete.

References

1. Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia disorders. Trends
Neurosci 1989;12:366–75.

2. Bergman H, Deuschl G. Pathophysiology of Parkinson’s disease: from clinical neurology to
basic neuroscience and back. Mov Disord 2002;17:S28–S40.

3. Wilms H, Sievers J, Deuschl G. Animal models of tremor. Mov Disord 1999;14:557–71.
4. Aubert I, Ghorayeb I, Normand E, Bloch B. Phenotypical characterization of the neurons

expressing the D1 and D2 dopamine receptors in the monkey striatum. J Comp Neurol
2000;418:22–32.

5. Gerfen CR. Dopamine-mediated gene regulation in models of Parkinson’s disease. Ann
Neurol 2000;47(Suppl 1):S42–S50.

6. Yung KK, Bolam JP, Smith AD, Hersch SM, Ciliax BJ, Levey AI. Immunocytochemical
localization of D1 and D2 dopamine receptors in the basal ganglia of the rat: light and
electron microscopy. Neuroscience 1995;65:709–30.

7. Hurd YL, Suzuki M, Sedvall GC. D1 and D2 dopamine receptor mRNA expression in whole
hemisphere sections of the human brain. J Chem Neuroanat 2001;22:127–37.

8. Meador-Woodruff JH, Damask SP, Wang J, Haroutunian V, Davis KL, Watson SJ. Dopamine
receptor mRNA expression in human striatum and neocortex. Neuropsychopharmacology
1996;15:17.

9. Le Moine C, Bloch B. D1 and D2 dopamine receptor gene expression in the rat striatum:
sensitive cRNA probes demonstrate prominent segregation of D1 and D2 mRNAs in distinct
neuronal populations of the dorsal and ventral striatum. J Comp Neurol 1995;355:418–26.

10. Nadjar A, Brotchie JM, Guigoni C, et al. Phenotype of striatofugal medium spiny neurons
in parkinsonian and dyskinetic nonhuman primates: A call for a reappraisal of the functional
organization of the basal ganglia. J Neurosci 2006;26:8653–61.

11. Gurevich EV, Joyce JN. Distribution of dopamine D3 receptor expressing neurons
in the human forebrain: comparison with D2 receptor expressing neurons. Neuropsy-
chopharmacology 1999;20:60–80.

12. Gurevich EV, Himes JW, Joyce JN. Developmental regulation of expression of the D3
dopamine receptor in rat nucleus accumbens and islands of Calleja. J Pharmacol Exp Ther
1999;289:587–98.

13. Sesack SR, Aoki C, Pickel VM. Ultrastructural localization of D2 receptor-like immunore-
activity in midbrain dopamine neurons and their striatal targets. J Neurosci 1994;14:88–106.

14. Levey AI, Hersch SM, Rye DB, et al. Localization of D1 and D2 dopamine receptors in
brain with subtype-specific antibodies. Proc Natl Acad Sci USA 1993;90:8861–5.

15. Wang H, Pickel VM. Dopamine D2 receptors are present in prefrontal cortical afferents
and their targets in patches of the rat caudate-putamen nucleus. J Comp Neurol 2002;442:
392–404.

16. Cepeda C, Hurst RS, Altemus KL, et al. Facilitated glutamatergic transmission in the
striatum of D2 dopamine receptor-deficient mice. J Neurophysiol 2001;85:659–70.

17. Gerfen CR, Keefe KA, Gauda EB. D1 and D2 dopamine receptor function in the stria-
tum: Coactivation of D1- and D2-dopamine receptors on separate populations of neurons
results in potentiated immediate early gene response in D1-containing neurons. J Neurosci
1995;15:8167–76.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 569

18. Gerfen CR, Miyachi S, Paletzki R, Brown P. D1 dopamine receptor supersensitivity in
the dopamine-depleted striatum results from a switch in the regulation of ERK1/2 kinase.
J Neurosci 2002;22:5042–54.

19. Aizman O, Brismar H, Uhlen P, et al. Anatomical and physiological evidence for D1 and D2
dopamine receptor colocalization in neostriatal neurons. Nat Neurosci 2000;3:226.

20. Surmeier DJ, Song WJ, Yan Z. Coordinated expression of dopamine receptors in neostriatal
medium spiny neurons. J Neurosci 1996;16:6579–91.

21. Levesque M, Parent A. The striatofugal fiber system in primates: A reevaluation of its
organization based on single-axon tracing studies. Proc Natl Acad Sci USA 2005;102:
11888–93.

22. Wu Y, Richard S, Parent A. The organization of the striatal output system: a single-cell
juxtacellular labeling study in the rat. Neurosci Res 2000;38:49–62.

23. Mizuno T, Schmauss C, Rayport S. Distinct roles of presynaptic dopamine receptors in the
differential modulation of the intrinsic synapses of medium-spiny neurons in the nucleus
accumbens. BMC Neurosci 2007; (in press).

24. Bergson C, Mrzljak L, Smiley JF, Pappy M, Levenson R, Goldman-Rakic PS. Regional,
cellular, and subcellular variations in the distribution of D1 and D5 dopamine receptors in
primate brain. J Neurosci 1995;15:7821–36.

25. Yan Z, Song W-J, Surmeier DJ. D2 dopamine receptors reduce N-type Ca2+ currents in
rat neostriatal cholinergic interneurons through a membrane-delimited, protein-kinase-C-
insensitive pathway. J Neurophysiol 1997;77:1003–15.

26. Ding J, Guzman JN, Tkatch T, et al. RGS4-dependent attenuation of M4 autoreceptor
function in striatal cholinergic interneurons following dopamine depletion. Nat Neurosci
2006;9:832–42.

27. Meador-Woodruff JH, Grandy DK, Van Tol HH, et al. Dopamine receptor gene expression
in the human medial temporal lobe. Neuropsychopharmacology 1994;10:239–48.

28. Bouthenet ML, Souil E, Martres MP, Sokoloff P, Giros B, Schwartz JC. Localization of
dopamine D3 receptor mRNA in the rat brain using in situ hybridization histochemistry:
comparison with dopamine D2 receptor mRNA. Brain Res 1991;564:203–19.

29. Sokoloff P, Giros B, Martres MP, Bouthenet ML, Schwartz JC. Molecular cloning and
characterization of a novel dopamine receptor (D3) as a target for neuroleptics. Nature
1990;347:146–51.

30. Bezard E, Ferry S, Mach U, et al. Attenuation of levodopa-induced dyskinesia by normaliz-
ing dopamine D3 receptor function. Nature Med 2003;9:762–7.

31. Murray AM, Ryoo HL, Gurevich E, Joyce JN. Localization of dopamine D3 receptors to
mesolimbic and D2 receptors to mesostriatal regions of human forebrain. Proc Natl Acad
Sci USA 1994;91:11271–5.

32. Suzuki M, Hurd YL, Sokoloff P, Schwartz J-C, Sedvall G. D3 dopamine receptor mRNA is
widely expressed in the human brain. Brain Res 1998;779:58–74.

33. Le Moine C, Bloch B. Expression of the D3 dopamine receptor in peptidergic neurons of
the nucleus accumbens: comparison with the D1 and D2 dopamine receptors. Neuroscience
1996;73:131–43.

34. Perachon S, Schwartz JC, Sokoloff P. Functional potencies of new antiparkinsonian drugs
at recombinant human dopamine D1, D2 and D3 receptors. Eur J Pharmacol 1999;366:
293–300.

35. Gurevich EV, Bordelon Y, Shapiro RM, Arnold SE, Gur RE, Joyce JN. Mesolimbic
dopamine D3 receptors and use of antipsychotics in patients with schizophrenia. A
postmortem study. Arch Gen Psychiatry 1997;54:225–32.

36. Diaz J, Ridray S, Mignon V, Griffon N, Schwartz JC, Sokoloff P. Selective expression of
dopamine D3 receptor mRNA in proliferative zones during embryonic development of the
rat brain. J Neurosci 1997;17:4282–92.

37. Araki KY, Sims JR., Bhide PG. Dopamine receptor mRNA and protein expression in the
mouse corpus striatum and cerebral cortex during pre- and postnatal development. Brain
Res 2007;1156:31–45.



570 E.V. Gurevich and V.V. Gurevich

38. Gurevich EV, Joyce JN. Dopamine D(3) receptor is selectively and transiently expressed in
the developing whisker barrel cortex of the rat. J Comp Neurol 2000;420:35–51.

39. Gurevich EV, Robertson RT, Joyce JN. Thalamo-cortical afferents control transient expres-
sion of the dopamine D(3) receptor in the rat somatosensory cortex. Cereb Cortex
2001;11:691–701.

40. Rivera A, Trías S, Peñafiel A, et al. Expression of D4 dopamine receptors in striatonigral
and striatopallidal neurons in the rat striatum. Brain Res 2003;989:35–41.

41. Rivera A, Cuéllar B, Girón FJ, Grandy DK, de la Calle A, Moratalla R. Dopamine D4 recep-
tors are heterogeneously distributed in the striosomes/matrix compartments of the striatum.
J Neurochem 2002;80:219–29.

42. Ciliax BJ, Nash N, Heilman C, et al. Dopamine D5 receptor immunolocalization in rat and
monkey brain. Synapse 2000;37:125–45.

43. Centonze D, Grande C, Usiello A, et al. Receptor subtypes involved in the presynap-
tic and postsynaptic actions of dopamine on striatal interneurons. J Neurosci 2003;23:
6545–54.

44. Khan ZU, Gutiérrez A, Martín R, Peñafiel A, Rivera A, de la Calle A. Dopamine D5
receptors of rat and human brain. Neuroscience 2000;100:689–99.

45. Centonze D, Grande C, Saulle E, et al. Distinct roles of D1 and D5 dopamine receptors in
motor activity and striatal synaptic plasticity. J Neurosci 2003;23:8506–12.

46. Rinne JO, Laihinen A, NÂgren K, et al. PET demonstrates different behaviour of striatal
dopamine D-1 and D-2 receptors in early Parkinson’s disease. J Neurosci Res 1990;27:
494–9.

47. Rinne UK, Laihinen A, Rinne JO, NaÂgren K, Bergman J, Ruotsalainen U. Positron emis-
sion tomography demonstrates dopamine D2 receptor supersensitivity in the striatum of
patients with early Parkinson’s disease. Mov Disord 1990;5:55–9.

48. Brooks DJ, Ibanez V, Sawle GV, et al. Striatal D2 receptor status in patients with Parkinson’s
disease, striatonigral degeneration, and progressive supranuclear palsy, measured with [11C]-
raclopride and positron emission tomography. Ann Neurol 1992;31:184–92.

49. Laulumaa V, Kuikka JT, Soininen H, Bergstrom K, Lansimies E, Riekkinen P. Imaging of
D2 dopamine receptors of patients with Parkinson’s disease using single photon emission
computed tomography and iodobenzamide I 123. Arch Neurol 1993;50:509–12.

50. SawleGV, Playford ED, Brooks DJ, Quinn N, Frackowiak RSJ. Asymmetrical pre-synaptic
and post-synaptic changes in the striatal dopamine projection in dopa naive Parkinsonism.
Diagnostic implications of the D2 receptor status. Brain 1993;116:853–67.

51. Antonini A, Schwarz J, Oertel WH, Pogarell O, Leenders KL. Long-term changes of striatal
dopamine D2 Receptors in patients with Parkinson’s disease: A study with positron emission
tomography and [11C]Raclopride. Mov Disord 1997;12:33–8.

52. Turjanski N, Lees AJ, Brooks DJ. In vivo studies on striatal dopamine D1 and D2 site bind-
ing in L- dopa-treated Parkinson’s disease patients with and without dyskinesias. Neurology
1997;49:717–23.

53. Kim YJ, Ichise M, Ballinger JR, et al. Combination of dopamine transporter and D2 recep-
tor SPECT in the diagnostic evaluation of PD, MSA, and PSP. Mov Disord 2002;17:
303–12.

54. Thobois S, Vingerhoets F, Fraix V, et al. Role of dopaminergic treatment in dopamine recep-
tor down-regulation in advanced Parkinson disease: A positron emission tomographic study.
Arch Neurol 2004;61:1705–9.

55. Bokobza B, Ruberg M, Scatton B, Javoy-Agid F, Agid Y. [3H]spiperone binding, dopamine
and HVA concentrations in Parkinson’s disease and supranuclear palsy. Eur J Pharmacol
1984;99:167.

56. Joyce JN. Differential response of striatal dopamine and muscarinic cholinergic recep-
tor subtypes to the loss of dopamine. III. Results in Parkinson’s disease cases. Brain Res
1993;600:156.

57. Piggott MA, Marshall EF, Thomas N, et al. Striatal dopaminergic markers in dementia
with Lewy bodies, Alzheimer’s and Parkinson’s diseases: rostrocaudal distribution. Brain
1999;122:1449–68.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 571

58. Ryoo HL, Pierrotti D, Joyce JN. Dopamine D3 receptor is decreased and D2 receptor is
elevated in the striatum of Parkinson’s disease. Mov Disord 1998;13:788–97.

59. Goulet M, Morissette M, Calon F, et al. Continuous or pulsatile chronic D2 dopamine
receptor agonist (U91356A) treatment of drug-naive 4-phenyl-1,2,3,6-tetrahydropyridine
monkeys differentially regulates brain D1 and D2 receptor expression: in situ hybridization
histochemical analysis. Neuroscience 1997;79(2):497.

60. Bychkov E, Ahmed MR., Dalby KN, Gurevich EV. Dopamine depletion and subsequent
treatment with L-DOPA, but not the long-lived dopamine agonist pergolide, enhances
activity of the Akt pathway in the rat striatum. J Neurochem 2007;102:699–711.

61. Herrero MT, Augood SJ, Asensi H, et al. Effects of -DOPA-therapy on dopamine D2 receptor
mRNA expression in the striatum of MPTP-intoxicated parkinsonian monkeys. Mol Brain
Res 1996;42:149.

62. Morissette M, Goulet M, Calon F, et al. Changes of D1 and D2 dopamine receptor mRNA
in the brains of monkeys lesioned with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine:
Correction with chronic administration of L-3,4-dihydroxyphenylalanine. Mol Pharmacol
1996;50:1073–9.

63. Bezard E, Dovero S, Prunier C, et al. Relationship between the appearance of symp-
toms and the level of nigrostriatal degeneration in a progressive 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine-lesioned macaque model of Parkinson’s disease. J Neurosci
2001;21:6853–61.

64. Shinotoh H, Inoue O, Hirayama K, et al. Dopamine D1 receptors in Parkinson’s disease
and striatonigral degeneration: A positron emission tomography study. J Neurol Neurosurg
Psychiat 1993;56:467–72.

65. Lévesque D, Martres M-P, Diaz J, et al. A paradoxical regulation of the dopamine D3 recep-
tor expression suggests the involvement of an anterograde factor from dopamine neurons.
Proc Nat Acad Sci USA 1995;92:1719–23.

66. Bordet R, Ridray S, Carboni C, Diaz J, Sokoloff P, Schwartz JC. Induction of dopamine D3
receptor expression as a mechanism of behavioral sensitization to levodopa. Proc Natl Acad
Sci USA 1997;94:3363–7.

67. Bordet R, Ridray S, Schwartz JC, Sokoloff P. Involvement of the direct striatonigral path-
way in levodopa-induced sensitization in 6-hydroxydopamine-lesioned rats. Eur J Neurosci
2000;12:2117–23.

68. Quik M, Police S, He L, Di Monte DA, Langston JW. Expression of D(3) receptor mes-
senger RNA and binding sites in monkey striatum and substantia nigra after nigrostriatal
degeneration: effect of levodopa treatment. Neuroscience 2000;98:263–73.

69. Hirsch E, Graybiel AM, Agid YA. Melanized dopaminergic neurons are differentially
susceptible to degeneration in Parkinson’s disease. Nature 1988;334:345–8.

70. Goto S, Hirano A, Matsumoto S. Subdivisional involvement of nigrostriatal loop in
idiopathic Parkinson’s disease and striatonigral degeneration. Ann Neurol 1989;26:
766–70.

71. Gibb WR, Lees AJ. Anatomy, pigmentation, ventral and dorsal subpopulations of the
substantia nigra, and differential cell death in Parkinson’s disease. J Neurol Neurosurg
Psychiatry 1991;54:388–96.

72. Bychkov E, Gurevich VV, Joyce JN, Benovic JL, Gurevich EV. Arrestins and two
receptor kinases are upregulated in Parkinson’s disease with dementia. Neurobiol Aging
2008;29:379–96.

73. Joyce JN, Ryoo HL, Beach TB, et al. Loss of response to levodopa in Parkinson’s disease
and co-occurrence with dementia: role of D3 and not D2 receptors. Brain Res 2002;955:
138–52.

74. Kaasinen V, Aalto S, Någren K, Hietala J, Sonninen P, Rinne JO. Extrastriatal dopamine D2
receptors in Parkinson’s disease: a longitudinal study. J Neural Transm 2003;110:591–601.

75. Ungerstedt U. Postsynaptic supersensitivity after 6-hydroxydopamine induced degeneration
of the nigrostriatal dopamine system. Acta Physiol Scand Suppl 1971;367:69–93.



572 E.V. Gurevich and V.V. Gurevich

76. Kim DS, Szczypka MS, Palmiter RD. Dopamine-deficient mice are hypersensitive to
dopamine receptor agonists. J Neurosci 2000;20:4405–13.

77. Cai G, Wang HY, Friedman E. Increased dopamine receptor signaling and dopamine
receptor-G protein coupling in denervated striatum. J Pharmacol Exp Ther 2002;302:
1105–12.

78. Corvol J-C, Muriel M-P, Valjent E, et al. Persistent increase in olfactory type G-protein alpha
subunit levels may underlie D1 receptor functional hypersensitivity in Parkinson disease.
J Neurosci 2004;24:7007–14.

79. Mishra RK, Gardner EL, Katzman R, Makman MH. Enhancement of dopamine-stimulated
adenylate cyclase activity in rat caudate after lesions in substantia nigra: evidence for
denervation supersensitivity. Proc Natl Acad Sci USA 1974;71:3883–7.

80. Mishra RK, Marshall AM, Varmuza SL. Supersensitivity in rat caudate nucleus: effects of 6-
hydroxydopamine on the time course of dopamine receptor and cyclic AMP changes. Brain
Res 1980;200:47–57.

81. Pifl C, Nanoff C, Schingnitz G, Schütz W, Hornykiewicz O. Sensitization of dopamine-
stimulated adenylyl cyclase in the striatum of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
treated rhesus monkeys and patients with idiopathic Parkinson’s disease. J Neurochem
1992;58:1997–2004.

82. Pifl C, Reither H, Hornykiewicz O. Functional sensitization of striatal dopamine D1
receptors in the 6-hydroxydopamine-lesioned rat. Brain Res 1992;572:87–93.

83. Satoh H, Satoh Y, Notsu Y, Honda F. Adenosine 3′,5′-cyclic monophosphate as a possi-
ble mediator of rotational behaviour induced by dopaminergic receptor stimulation in rats
lesioned unilaterally in the substantia nigra. Eur J Pharmacol 1976;39:365–77.

84. Tong J, Fitzmaurice PS, Ang LC, Furukawa Y, Guttman M, Kish SJ. Brain dopamine-
stimulated adenylyl cyclase activity in Parkinson’s disease, multiple system atrophy, and
progressive supranuclear palsy. Ann Neurol 2004;55:125–9.

85. Santini E, Valjent E, Usiello A, et al. Critical involvement of cAMP/DARPP-32 and extra-
cellular signal-regulated protein kinase signaling in L-DOPA-induced dyskinesia. J Neurosci
2007;27:6995–7005.

86. Ouimet CC, Greengard P. Distribution of DARPP-32 in the basal ganglia: an electron
microscopic study. J Neurocytol 1990;19:39–52.

87. Hemmings HCJ, Williams RR, Konigsberg WH, Greengard P. DARPP-32, a dopamine- and
adenosine 3′:5′-monophosphate-regulated neuronal phosphoprotein. I. Amino acid sequence
around the phosphorylated threonine. J Biol Chem 1984;259:14486–90.

88. Fienberg AA, Hiroi N, Mermelstein PG, et al. DARPP-32: Regulator of the efficacy of
dopaminergic neurotransmission. Science 1998;281:838–42.

89. Bibb JA, Snyder GL, Nishi A, et al. Phosphorylation of DARPP-32 by Cdk5 modulates
dopamine signalling in neurons. Nature 1999;402:669.

90. Nishi A, Bibb JA, Snyder GL, Higashi H, Nairn AC, Greengard P. Amplification of
dopaminergic signaling by a positive feedback loop. Proc Natl Acad Sci USA 2000;97:
12840–5.

91. Brown A, Deutch AY, Colbran RJ. Dopamine depletion alters phosphorylation of striatal
proteins in a model of Parkinsonism. Eur J Neurosci 2005;22:247–56.

92. Svenningsson P, Lindskog M, Ledent C, et al. Regulation of the phosphorylation of the
dopamine- and cAMP-regulated phosphoprotein of 32 kDa in vivo by dopamine D1,
dopamine D2, and adenosine A2A receptors. Proc Natl Acad Sci USA 2000;97:1856–60.

93. Westin JE, Vercammen L, Strome EM, Konradi C, Cenci MA. Spatiotemporal pattern of
striatal ERK1/2 phosphorylation in a rat model of L-DOPA-induced dyskinesia and the role
of dopamine D1 receptors. Biol Psychiatry 2007;62:800–10.

94. Emborg-Knott ME, Domino EF. MPTP-induced hemiparkinsonism in nonhuman primates
6–8 years after a single unilateral intracarotid dose. Exp Neurol 1998;152:214–20.

95. Aubert I, Guigoni C, Hakansson K, et al. Increased D1 dopamine receptor signaling in
levodopa-induced dyskinesia. Ann Neurol 2005;57:17–26.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 573

96. Bezard E, Gross CE, Qin L, Gurevich VV, Benovic JL, Gurevich EV. L-DOPA reverses
the MPTP-induced elevation of the arrestin2 and GRK6 expression and enhanced ERK
activation in monkey brain. Neurobiol Dis 2005;18:323–35.

97. Svenningsson P, Arts J, Gunne L, Andren PE. Acute and repeated treatment with -DOPA
increase c-jun expression in the 6-hydroxydopamine-lesioned forebrain of rats and common
marmosets. Brain Res 2002;955:8–15.

98. Hess J, Angel P, Schorpp-Kistner M.AP-1 subunits: quarrel and harmony among siblings.
J Cell Sci 2004;117:5965–73.

99. Chinenov Y, Kerppola TK. Close encounters of many kinds: Fos-Jun interactions that
mediate transcription regulatory specificity. Oncogene 2001;20:2438–52.

100. Berke JD, Paletzki R, Aronson GJ, Hyman SE, Gerfen CR. A complex program of striatal
gene expression induced by dopaminergic stimulation. J Neurosci 1998;18:5301–10.

101. Cenci MA, Tranberg A, Andersson M, Hilbertson A. Changes in the regional and com-
partmental distribution of FosB- and JunB-like immunoreactivity induced in the dopamine-
denervated rat striatum by acute or chronic L-DOPA treatment. Neuroscience 1999;94:515.

102. Valastro B, Andersson M, Lindgren HS, Cenci MA. Expression pattern of JunD after acute or
chronic L-DOPA treatment: Comparison with DeltaFosB. Neuroscience 2007;144:198–207.

103. Shaywitz AJ, Greenberg ME. CREB: A stimulus-induced transcription factor activated by a
diverse array of extracellular signals. Ann Rev Biochem 1999;68:821–61.

104. Mayr B, Montminy M. Transcriptional regulation by the phosphorylation-dependent factor
CREB. Nat Rev Mol Cell Biol 2001;2:599–609.

105. OhJD, Chartisathian K, Ahmed SM, Chase TN. Cyclic AMP responsive element binding
protein phosphorylation and persistent expression of levodopa-induced response alterations
in unilateral nigrostriatal 6-OHDA lesioned rats. J Neurosci Res 2003;72:768–80.

106. Cole DG, Kobierski LA, Konradi C, Hyman SE. 6-Hydroxydopamine lesions of rat
substantia nigra up-regulate dopamine-induced phosphorylation of the cAMP-response
element-binding protein in striatal neurons. Proc Natl Acad Sci USA 1994;91:9631–5.

107. Konradi C, Cole RL, Heckers S, Hyman SE. Amphetamine regulates gene expression in rat
striatum via transcription factor CREB. J Neurosci 1994;14:5623–34.

108. Andersson M, Konradi C, Cenci MA. cAMP response element-binding protein is required
for dopamine-dependent gene expression in the intact but not the dopamine-denervated
striatum. J Neurosci 2001;21:9930–43.

109. Picconi B, Gardoni F, Centonze D, et al. Abnormal Ca2+-calmodulin-dependent protein
kinase II function mediates synaptic and motor deficits in experimental parkinsonism.
J Neurosci 2004;24:5283–91.

110. Cull-Candy S, Brickley S, Farrant M. NMDA receptor subunits: diversity, development and
disease. Curr Opin Neurobiol 2001;11:327.

111. Chen B-S, Roche KW. Regulation of NMDA receptors by phosphorylation.
Neuropharmacology 2007;53:362.

112. Dunah AW, Wang Y, Yasuda RP, et al. Alterations in subunit expression, com-
position, and phosphorylation of striatal N-methyl-D-aspartate glutamate receptors in
a rat 6-hydroxydopamine model of Parkinson’s disease. Mol Pharmacol 2000;57:
342–52.

113. Hallett PJ, Dunah AW, Ravenscroft P, et al. Alterations of striatal NMDA receptor sub-
units associated with the development of dyskinesia in the MPTP-lesioned primate model of
Parkinson’s disease. Neuropharmacology 2005;48:503–16.

114. Fiorentini C, Rizzetti MC, Busi C, et al. Loss of synaptic D1 dopamine/N-methyl-D-
aspartate glutamate receptor complexes in L-DOPA-induced dyskinesia in the rat. Mol
Pharmacol 2006;69:805–12.

115. Oh JD, Vaughan CL, Chase TN. Effect of dopamine denervation and dopamine agonist
administration on serine phosphorylation of striatal NMDA receptor subunits. Brain Res
1999;821:433–42.

116. Gardoni F, Picconi B, Ghiglieri V, et al. A Critical Interaction between NR2B and MAGUK
in L-DOPA Induced Dyskinesia. J Neurosci 2006;26:2914–22.



574 E.V. Gurevich and V.V. Gurevich

117. Oh JD, Russell DS, Vaughan CL, Chase TN. Enhanced tyrosine phosphorylation of striatal
NMDA receptor subunits: effect of dopaminergic denervation and L-DOPA administration.
Brain Res 1998;813:150–9.

118. Ahmed MR, Bychkov E, Gurevich VV, Benovic JL, Gurevich EV. Altered expression and
subcellular distribution of GRK subtypes in the dopamine-depleted rat basal ganglia is not
normalized by L-DOPA treatment. J Neurochem 2007;104:1622–36.

119. Nash JE, Johnston TH, Collingridge GL, Garner CC, Brotchie JM. Subcellular redistribu-
tion of the synapse-associated proteins PSD-95 and SAP97 in animal models of Parkinson’s
disease and L-DOPA-induced dyskinesia. FASEB J 2005;19:583–5.

120. Picconi B, Centonze D, Hakansson K, et al. Loss of bidirectional striatal synaptic plasticity
in L-DOPA-induced dyskinesia. Nat Neurosci 2003;6:501–6.

121. Picconi B, Paille V, Ghiglieri V, et al. L-DOPA dosage is critically involved in dyskinesia via
loss of synaptic depotentiation. Neurobiol Dis 2008;29:327.

122. Wang H, Katz J, Dagostino P, Soghomonian JJ. Unilateral 6-hydroxydopamine lesion
of dopamine neurons and subchronic L-DOPA administration in the adult rat alters the
expression of the vesicular GABA transporter in different subsets of striatal neurons and
in the substantia nigra, pars reticulata. Neuroscience 2007;145:727–37.

123. Soghomonian J-J, Laprade N. Glutamate decarboxylase (GAD67 and GAD65) gene expres-
sion is increased in a subpopulation of neurons in the putamen of parkinsonian monkeys.
Synapse 1997;27:122–32.

124. Carta AR, Fenu S, Pala P, Tronci E, Morelli M. Selective modifications in GAD67 mRNA
levels in striatonigral and striatopallidal pathways correlate to dopamine agonist priming in
6-hydroxydopamine-lesioned rats. Eur J Neurosci 2003;18:2563–72.

125. Lindgren HS, Rylander D, Ohlin KE, Lundblad M, Cenci MA. The "motor complication
syndrome" in rats with 6-OHDA lesions treated chronically with L-DOPA: relation to dose
and route of administration. Behav Brain Res 2007;177:150–9.

126. Engber TM, Marin C, Susel Z, Chase TN. Differential effects of chronic dopamine D1 and
D2 receptor agonists on rotational behavior and dopamine receptor binding. Eur J Pharmacol
1993;236:385–93.

127. Löschmann PA, Wüllner U, Heneka MT, et al. Differential interaction of competitive NMDA
and AMPA antagonists with selective dopamine D-1 and D-2 agonists in a rat model of
Parkinson’s disease. Synapse 1997;26:381–91.

128. Paul ML, Graybiel AM, David JC, Robertson HA. D1-like and D2-like dopamine receptors
synergistically activate rotation and c-fos expression in the dopamine-depleted striatum in a
rat model of Parkinson’s disease. J Neurosci 1992;12:3729–42.

129. Cai G, Zhen X, Uryu K, Friedman E. Activation of extracellular signal-regulated pro-
tein kinases is associated with a sensitized locomotor response to D(2) dopamine
receptor stimulation in unilateral 6-hydroxydopamine-lesioned rats. J Neurosci 2000;20:
1849–57.

130. Newman-Tancredi A, Cussac D, Brocco M, et al. Dopamine D2 receptor-mediated G-
protein activation in rat striatum: functional autoradiography and influence of unilateral
6-hydroxydopamine lesions of the substantia nigra. Brain Res 2001;920:41.

131. LaHoste GJ, Marshall JF. Rapid development of D1 and D2 dopamine receptor super-
sensitivity as indicated by striatal and pallidal Fos expression. Neurosci Lett 1994;179:
153–6.

132. Marshal JF, Cole BN, LaHoste GJ. Dopamine D2 receptor control of pallidal fos expres-
sion: comparisons between intact and 6-hydroxydopamine-treated hemispheres. Brain Res
1993;632:308–13.

133. Zhen X, Torres C, Cai G, Friedman E. Inhibition of protein tyrosine/mitogen-activated pro-
tein kinase phosphatase activity is associated with D2 dopamine receptor supersensitivity in
a rat model of Parkinson’s disease. Mol Pharmacol 2002;62:1356–63.

134. Bamford NS, Robinson S, Palmiter RD, Joyce JA, Moore C, Meshul CK. Dopamine
modulates release from corticostriatal terminals. J Neurosci 2004;24:9541–52.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 575

135. Picconi B, Centonze D, Rossi S, Bernardi G, Calabresi P. Therapeuticdoses of L-dopa reverse
hypersensitivity of corticostriatal D2-dopamine receptors and glutamatergic overactivity in
experimental parkinsonism. Brain 2004;127:1661–9.

136. Lindefors N. Dopaminergic regulation of glutamic acid decarboxylase mRNA expression
and GABA release in the striatum: A review. Progr Neuro-Psychopharmacol Biol Psychiatry
1993;17:887.

137. Gerfen CR, McGinty JF, Young WS. Dopamine differentially regulates dynorphin, substance
P, and enkephalin expression in striatal neurons: in situ hybridization histochemical analysis.
J Neurosci 1991;11:1016–31.

138. Henry B, Crossman AR, Brotchie JM. Effect of repeated L-DOPA, bromocriptine, or lisuride
administration on preproenkephalin-A and preproenkephalin-B mRNA levels in the striatum
of the 6-hydroxydopamine-lesioned rat. Exp Neurol 1999;155:204–20.

139. Herrero MT, Augood SJ, Hirsch EC, et al. Effects of L-DOPA on preproenkephalin and
preprotachykinin gene expression in the MPTP-treated monkey striatum. Neuroscience
1995;68:1189–98.

140. Morissette M, Goulet M, Soghomonian JJ, et al. Preproenkephalin mRNA expression in the
caudate-putamen of MPTP monkeys after chronic treatment with the D2 agonist U91356A
in continuous or intermittent mode of administration: comparison with L-DOPA therapy.
Brain Res Mol Brain Res 1997;49:55–62.

141. Morissette M, Grondin R, Goulet M, Bédard PJ, Di Paolo T. Differential regulation
of striatal preproenkephalin and preprotachykinin mRNA levels in MPTP-lesioned mon-
keys chronically treated with dopamine D1 or D2 agonists. J Neurochem 1999;72:
682–92.

142. Westin JE, Andersson M, Lundblad M, Cenci MA. Persistent changes in striatal gene expres-
sion induced by long-term L-DOPA treatment in a rat model of Parkinson’s disease. Eur J
Neurosci 2001;14:1171–6.

143. St-Hilaire M, Bourhis E, Lévesque D, Rouillard C. Impaired behavioural and molecular
adaptations to dopamine denervation and repeated L-DOPA treatment in Nur77-knockout
mice. Eur J Neurosci 2006;24:795–805.

144. St-Hilaire M, Landry E, Levesque D, Rouillard C. Denervation and repeated L-DOPA induce
a coordinate expression of the transcription factor NGFI-B in striatal projection pathways in
hemi-parkinsonian rats. Neurobiol Dis 2003;14:98–109.

145. St-Hilaire M, Landry E, Levesque D, Rouillard C. Denervation and repeated L-DOPA induce
complex regulatory changes in neurochemical phenotypes of striatal neurons: Implication of
a dopamine D1-dependent mechanism. Neurobiol Dis 2005;20:450.

146. Ethier I, Beaudry G, St-Hilaire M, Milbrandt J, Rouillard C, Lévesque D. The transcrip-
tion factor NGFI-B (Nur77) and retinoids play a critical role in acute neuroleptic-induced
extrapyramidal effect and striatal neuropeptide gene expression. Neuropsychopharmacology
2004;29:335–46.

147. Scholz B, Svensson M, Alm H, et al. Striatal proteomic analysis suggests that first L-Dopa
dose equates to chronic exposure. PLoS ONE 2008;3:e1589.

148. Pollack AE, Yates TM. Prior D1 dopamine receptor stimulation is required to prime
D2-mediated striatal Fos expression in 6-hydroxydopamine-lesioned rats. Neuroscience
1999;94:505–14.

149. Pollack AE, Turgeon SM, Fink JS. Apomorphine priming alters the response of striatal out-
flow pathways to D2 agonist stimulation in 6-hydroxydopamine-lesioned rats. Neuroscience
1997;79:79.

150. Pollack AE, Strauss JB. Time dependence and role of N-methyl-D-aspartate glutamate
receptors in the priming of D2-mediated rotational behavior and striatal Fos expression in
6-hydroxydopamine lesioned rats. Brain Res 1999;827:160–8.

151. Paul ML, Currie RW, Robertson HA. Priming of a D1 dopamine receptor behavioural
response is dissociated from striatal immediate-early gene activity. Neuroscience
1995;66:347–59.



576 E.V. Gurevich and V.V. Gurevich

152. Wang Z, Kai L, Day M, et al. Dopaminergic control of corticostriatal long-term synap-
tic depression in medium spiny neurons is mediated by cholinergic interneurons. Neuron
2006;50:443–52.

153. Herve D, Levi-Strauss M, Marey-Semper I, et al. Golf and Gs in rat basal ganglia: possi-
ble involvement of Golf in the coupling of dopamine D1 receptor with adenylyl cyclase.
J Neurosci 1993;13:2237–48.

154. Corvol JC, Studler JM, Schonn JS, Girault JA, Herve D. Gaolf is necessary for coupling D1
and A2a receptors to adenylyl cyclase in the striatum. J Neurochem 2001;76:1585–8.

155. Herve D, Le Moine C, Corvol J-C, et al. Gaolf levels are regulated by receptor usage and
control dopamine and adenosine action in the striatum. J Neurosci 2001;21:4390–9.

156. Nishino N, Kitamura N, Hashimoto T, Tanaka C. Transmembrane signalling systems in the
brain of patients with Parkinson’s disease. Rev Neurosci 1993;4:213–22.

157. Gurevich VV, Gurevich EV. The structural basis of arrestin-mediated regulation of G-
protein-coupled receptors. Pharmacology & Therapeutics 2006;110:465–502.

158. Krasel C, Vilardaga JP, Bunemann M, Lohse MJ. Kinetics of G-protein-coupled receptor
signalling and desensitization. Biochem Soc Trans 2004;32:1029–31.

159. Violin JD, DiPilato LM, Yildirim N, Elston TC, Zhang J, Lefkowitz RJ. β2-Adrenergic
receptor signaling and desensitization elucidated by quantitative modeling of real time
cAMP dynamics. J Biol Chem 2008;283:2949–61.

160. Bohn LM, Gainetdinov RR, Sotnikova TD, et al. Enhanced rewarding properties of mor-
phine, but not cocaine, in beta-arrestin-2 knock-out mice. J Neurosci 2003;23(32):10265–73.

161. Bohn LM, Lefkowitz RJ, Caron MG. Differential mechanisms of morphine antinociceptive
tolerance revealed in beta-arrestin-2 knock-out mice. J Neurosci 2002;22:10494–500.

162. Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG, Lin FT. Enhanced
morphine analgesia in mice lacking beta-arrestin2. Science 1999;286:2495–8.

163. Gainetdinov RR, Bohn LM, Sotnikova TD, et al. Dopaminergic supersensitivity in G protein-
coupled receptor kinase 6-deficient mice. Neuron 2003;38:291–303.

164. Gainetdinov RR, Bohn LM, Walker JK, et al. Muscarinic supersensitivity and impaired
receptor desensitization in G protein-coupled receptor kinase 5-deficient mice. Neuron
1999;24:1029–36.

165. Pan L, Gurevich EV, Gurevich VV. The nature of the arrestin x receptor complex determines
the ultimate fate of the internalized receptor. J Biol Chem 2003;278:11623–32.

166. Willets JM, Nash MS, Challiss RA, Nahorski SR. Imaging of muscarinic acetylcholine
receptor signaling in hippocampal neurons: evidence for phosphorylation-dependent and -
independent regulation by G-protein-coupled receptor kinases. J Neurosci 2004;24:4157–62.

167. Willets JM, Parent JL, Benovic JL, Kelly E. Selective reduction in A2 adenosine recep-
tor desensitization following antisense-induced suppression of G protein-coupled receptor
kinase 2 expression. J Neurochem 1999;73:1781–9.

168. Berman DM, Gilman AG. Mammalian RGS proteins: Barbarians at the gate. J Biol Chem
1998;273:1269–72.

169. Ross EM, Wilkie TM. GTPase-activating proteins for heterotrimeric G proteins: regulators
of G protein signaling (RGS) and RGS-like proteins. Annu Rev Biochem 2000;69:795–827.

170. Gold SJ, Ni YG, Dohlman HG, Nestler EJ. Regulators of G-protein signaling (RGS)
proteins: Region-specific expression of nine subtypes in rat brain. J Neurosci 1997;17:
8024–37.

171. Granneman JG, Zhai Y, Zhu Z, et al. Molecular characterization of human and rat RGS 9L,
a novel splice variant enriched in dopamine target regions, and chromosomal localization of
the RGS 9 gene. Mol Pharmacol 1998;54:687–94.

172. Rahman Z, Gold SJ, Potenza MN, et al. Cloning and characterization of RGS9-2: A striatal-
enriched alternatively spliced product of the RGS9 gene. J Neurosci 1999;19: 2016–26.

173. Kovoor A, Seyffarth P, Ebert J, et al. D2 dopamine receptors colocalize regulator of G-
protein signaling 9-2 (RGS9-2) via the RGS9 DEP domain, and RGS9 knock-out mice
develop dyskinesias associated with dopamine pathways. J Neurosci 2005;25:2157–65.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 577

174. Rahman Z, Schwarz J, Gold SJ, et al. RGS9 modulates dopamine signaling in the basal
ganglia. Neuron 2003;38:941.

175. Geurts M, Hermans E, Maloteaux JM. Opposite modulation of regulators of G protein
signalling-2 RGS2 and RGS4 expression by dopamine receptors in the rat striatum. Neurosci
Lett 2002;333:146–50.

176. Geurts M, Maloteaux JM, Hermans E. Altered expression of regulators of G-protein sig-
naling (RGS) mRNAs in the striatum of rats undergoing dopamine depletion. Biochem
Pharmacol 2003;66:1163–70.

177. Gold SJ, Hoang CV, Potts BW, et al. RGS9 2 negatively modulates L-3,4-
dihydroxyphenylalanine-Induced dyskinesia in experimental Parkinson’s disease. J Neurosci
2007;27:14338–48.

178. Tekumalla PK, Calon F, Rahman Z, et al. Elevated levels of DeltaFosB and RGS9 in striatum
in Parkinson’s disease. Biol Psychiatry 2001;50:813–6.

179. Doucet JP, Nakabeppu Y, Bedard PJ, et al. Chronic alterations in dopaminergic neurotrans-
mission produce a persistent elevation of deltaFosB-like protein(s) in both the rodent and
primate striatum. Eur J Neurosci 1996;8:365–81.

180. McClung CA, Ulery PG, Perrotti LI, Zachariou V, Berton O, Nestler EJ. DeltaFosB:
a molecular switch for long-term adaptation in the brain. Brain Res Mol Brain Res
2004;132:146–54.

181. Hornykiewicz O. Basic research on dopamine in Parkinson’s disease and the discovery of
the nigrostriatal dopamine pathway: the view of an eyewitness. Neurodegener Dis 2008;5:
114–7.

182. Marsden CD, Parkes JD. Success and problems of long-term levodopa therapy in Parkinson’s
disease. Lancet 1977;309:345–9.

183. Asin KE, Bednarz L, Nikkel A, Perner R. Rotation and striatal c-fos expression
after repeated, daily treatment with selective dopamine receptor agonists and levodopa.
J Pharmacol Exp Ther 1995;273:1483–90.

184. Rascol O, Nutt JG, Blin O, et al. Induction by dopamine D1 receptor agonist ABT-431 of
dyskinesia similar to levodopa in patients with Parkinson disease. Arch Neurol 2001;58:
249–54.

185. Blanchet PJ, Grondin R, Bédard PJ. Dyskinesia and wearing-off following dopamine
D1 agonist treatment in drug-naive 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned
primates. Mov Disord 1996;11:91–4.

186. Blanchet PJ, Konitsiotis S, Chase TN. Motor response to a dopamine D3 receptor pre-
ferring agonist compared to apomorphine in levodopa-primed 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine monkeys. J Pharmacol Exp Ther 1997;283:794–9.

187. Pearce RKB, Jackson M, Britton DR, Shiosaki K, Jenner P, Marsden CD. Actions of the
D1 agonists A-77636 and A-86929 on locomotion and dyskinesia in MPTP-treated L-dopa-
primed common marmosets. Psychopharmacology 1999;142:51–60.

188. Rascol O, Blin O, Thalamas C, et al. ABT-431, a D1 receptor agonist prodrug, has efficacy
in Parkinson’s disease. Ann Neurol 1999;45:736–41.

189. Mercuri NB, Giorgio Bernardi G. The ‘magic’ of L-dopa: why is it the gold standard
Parkinson’s disease therapy? Trends Pharmacol Sci 2005;26:341–4.

190. FabbriniG, Brotchie JM, Grandas F, Nomoto M, Goet ZCG. Levodopa-induced dyskinesias.
Mov Disord 2007;22:1379–89.

191. Olanow CW, Obeso JA, Stocchi F. Continuous dopamine-receptor treatment of Parkinson’s
disease: scientific rationale and clinical implications. Lancet Neurol 2006;5:677.

192. Obeso JA, Rodriguez-Oroz MC, Rodrigue ZM, DeLong MR, Olanow CW. Pathophysiology
of levodopa-induced dyskinesias in Parkinson’s disease: problems with the current model.
Ann Neurol 2000;47:S22–32.

193. Crossman AR. A hypothesis on the pathophysiological mechanisms that underlie levodopa-
or dopamine agonist-induced dyskinesia in Parkinson’s disease: Implications for future
strategies in treatment. Mov Disord 1990;5:100–8.



578 E.V. Gurevich and V.V. Gurevich

194. Kim DS, Palmiter RD, Cummins A, Gerfen CR. Reversal of supersensitive striatal dopamine
D1 receptor signaling and extracellular signal-regulated kinase activity in dopamine-
deficient mice. Neuroscience 2006;137:1381–8.

195. Granata R, Wenning GK, Jolkkonen J, Jenner P, Marsden CD. Effect of repeated administra-
tion of dopamine agonists on striatal neuropeptide mRNA expression in rats with a unilateral
nigral 6-hydroxydopamine lesion. J Neural Transm 1996;103:249–60.

196. Tel BC, Zeng BY, Cannizzaro C, Pearce RK, Rose S, Jenner P. Alterations in stri-
atal neuropeptide mRNA produced by repeated administration of L-DOPA, ropinirole or
bromocriptine correlate with dyskinesia induction in MPTP-treated common marmosets.
Neuroscience 2002;115:1047–58.

197. Calon F, Birdi S, Rajput AH, Hornykiewicz O, Bédard PJ, Di Paolo T. Increase of
preproenkephalin mRNA levels in the putamen of Parkinson disease patients with levodopa-
induced dyskinesias. J Neuropathol Exp Neurol 2002;61:186–96.

198. Gerfen CR, Engber TM, Mahan L, et al. D1 and D2 dopamine receptor-regulated
gene expression of striatonigral and striatopallidal neurons. Science 1990;250:
1429–32.

199. Beaulieu J-M, Tirotta E, Sotnikova TD, et al. Regulation of Akt signaling by D2 and D3
dopamine receptors in vivo. J Neurosci 2007;27:881–5.

200. Beaulieu JM, Gainetdinov RR, Caron MG. The Akt-GSK-3 signaling cascade in the actions
of dopamine. Trends Pharmacol Sci 2007;28:166–72.

201. NewDC, Wu K, Kwok AWS, Wong YH. G protein-coupled receptor-induced Akt activity in
cellular proliferation and apoptosis. FEBS J 2007;274:6025–36.

202. Rashid AJ, O’Dowd BF, Verma V, George SR. Neuronal Gq/11-coupled dopamine receptors:
an uncharted role for dopamine. Trends Pharmacol Sci 2007;28:551–5.

203. Brami-Cherrier K, Valjent E, Garcia M, Pages C, Hipskind RA, Caboche J. Dopamine
induces a PI3-Kinase-Independent activation of Akt in striatal neurons: A new route to
cAMP response element-binding protein phosphorylation. J Neurosci 2002;22:8911–21.

204. Nielsen KM, Soghomonian JJ. Normalization of glutamate decarboxylase gene expression
in the entopeduncular nucleus of rats with a unilateral 6-hydroxydopamine lesion corre-
lates with increased gabaergic input following intermittent but not continuous levodopa.
Neuroscience 2004;123:31.

205. Cenci MA, Lee CS, Björklund A.L-DOPA-induced dyskinesia in the rat is associated with
striatal overexpression of prodynorphin- and glutamic acid decarboxylase mRNA. Eur J
Neurosci 1998;10:2694–706.

206. Hurley MJ, Jackson MJ, Smith LA, Rose S, Jenner P. Immunoautoradiographic analysis
of NMDA receptor subunits and associated postsynaptic density proteins in the brain of
dyskinetic MPTP-treated common marmosets. Eur J Neurosci 2005;21:3240–50.

207. Calon F, Rajput AH, Hornykiewicz O, Bédard PJ, Di Paolo T. Levodopa-induced motor
complications are associated with alterations of glutamate receptors in Parkinson’s disease.
Neurobiol Dis 2003;14:404–16.

208. Dunah AW, Standaert DG. Dopamine D1 receptor-dependent trafficking of striatal NMDA
glutamate receptors to the postsynaptic membrane. J Neurosci 2001;21:5546–58.

209. Dunah AW, Sirianni AC, Fienberg AA, Bastia E, Schwarzschild MA, Standaert DG.
Dopamine D1-dependent trafficking of striatal N-methyl-D-aspartate glutamate receptors
requires Fyn protein tyrosine kinase but not DARPP-32. Mol Pharmacol 2004;65:121–9.

210. Hallett PJ, Spoelgen R, Hyman BT, Standaert DG, Dunah AW. Dopamine D1 activa-
tion potentiates striatal NMDA receptors by tyrosine phosphorylation-dependent subunit
trafficking. J Neurosci 2006;26:4690–700.

211. Ahlskog JE, Muenter MD. Frequency of levodopa-related dyskinesias and motor fluctuations
as estimated from the cumulative literature. Movement Disorders 2001;16:448–58.

212. Sgambato-Faure V, Buggia V, Gilbert F, Levesque D, Benabid AL, Berger F. Coordinated
and spatial upregulation of arc in striatonigral neurons correlates with L-dopa-
induced behavioral sensitization in dyskinetic rats. J Neuropathol Exp Neurol 2005;64:
936–47.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 579

213. Cenci MA, Whishaw IQ, Schallert T. Animal models of neurological deficits: how relevant
is the rat? Nat Rev Neurosci 2002;3:574–9.

214. Carta M, Lindgren HS, Lundblad M, Stancampiano R, Fadda F, Cenci MA. Role of striatal
L-DOPA in the production of dyskinesia in 6-hydroxydopamine lesioned rats. J Neurochem
2006;96:1718–28.

215. Guigoni C, Dovero S, Aubert I, et al. Levodopa-induced dyskinesia in MPTP-treated
macaques is not dependent on the extent and pattern of nigrostrial lesioning. Eur J Neurosci
2005;22:283–7.

216. Putterman DB, Munhall AC, Kozell LB, Belknap JK, Johnson SW. Evaluation of levodopa
dose and magnitude of dopamine depletion as risk factors for levodopa-induced dyskinesia
in a rat model of Parkinson’s disease. J Pharmacol Exp Ther 2007;323:277–84.

217. Hauser RA, McDermott MP, Messing S. Factors associated with the development of motor
fluctuations and dyskinesias in Parkinson disease. Arch Neurol 2006;63:1756–60.

218. Schrag A, Quinn N. Dyskinesias and motor fluctuations in Parkinson’s disease: a
community-based study. Brain 2000;123:2297–305.

219. Winkle RC, Kirik D, Björklund A, Cenci MA.L-DOPA-induced dyskinesia in the intras-
triatal 6-hydroxydopamine model of Parkinson’s disease: relation to motor and cellular
parameters of nigrostriatal function. Neurobiol Dis 2002;10:165–86.

220. Pavon N, Martin AB, Mendialdua A, Moratalla R. ERK phosphorylation and FosB expres-
sion are associated with L-DOPA-induced dyskinesia in hemiparkinsonian mice. Biol
Psychiatry 2006;59:64–74.

221. Hardingham GH, Fukunaga Y, Hilmar Bading H. Extrasynaptic NMDARs oppose synap-
tic NMDARs by triggering CREB shut-off and cell death pathways. Nat Neurosci
2002;5:405–14.

222. Andersson M, Hilbertson A, Cenci MA. Striatal fosB expression is causally linked
with L-DOPA-induced abnormal involuntary movements and the associated upregulation
of striatal prodynorphin mRNA in a rat model of Parkinson’s disease. Neurobiol Dis
1999;6:461–74.

223. Cenci MA. Transcription factors involved in the pathogenesis of L-DOPA-induced dyskine-
sia in a rat model of Parkinson’s disease. Amino Acids 2002;23:105–9.

224. Zachariou V, Sgambato-Faure V, Sasaki T, et al. Phosphorylation of DARPP-32 at
Threonine-34 is required for cocaine action. Neuropsychopharmacology 2006;31:555–62.

225. Hiroi N, Fienberg AA, Haile CN, et al. Neuronal and behavioural abnormalities in striatal
function in DARPP-32-mutant mice. Eur J Neurosci 1999;11:1114–8.

226. Hiroi N, Brown JR, Haile CN, Ye H, Greenberg ME, Nestler EJ. FosB mutant mice: loss
of chronic cocaine induction of Fos-related proteins and heightened sensitivity to cocaine’s
psychomotor and rewarding effects. Proc Natl Acad Sci USA 1997;94:10397–402.

227. Kelz MB, Chen J, Carlezon WA, et al. Expression of the transcription factor DeltaFosB in
the brain controls sensitivity to cocaine. Nature 1999;401:272.

228. Tzingounis AV, Nicoll RA. Arc/Arg3.1: linking gene expression to synaptic plasticity and
memory. Neuron 2006;52:403–7.

229. Chowdhury S, Shepherd JD, Okuno H, et al. Arc/Arg3.1 interacts with the endocytic
machinery to regulate AMPA receptor trafficking. Neuron 2006;52:445.

230. Shepherd JD, Rumbaugh G, Wu J, et al. Arc/Arg3.1 mediates homeostatic synaptic scaling
of AMPA receptors. Neuron 2006;52:475.

231. Rial Verde EM, Lee-Osbourne J, Worley PF, Malinow R, Cline HT. Increased expres-
sion of the immediate-early gene Arc/Arg3.1 reduces AMPA receptor-mediated synaptic
transmission. Neuron 2006;52:461.

232. Bibbiani F, Oh JD, Kielaite A, Collins MA, Smith C, Chase TN. Combined blockade of
AMPA and NMDA glutamate receptors reduces levodopa-induced motor complications in
animal models of PD. Exp Neurol 2005;196:422.

233. Shiraishi-Yamaguchi Y, Furuichi T. The Homer family proteins. Genome Biol 2007;8:206.
234. Kammermeier PJ, Worley PF. Homer 1a uncouples metabotropic glutamate receptor 5 from

postsynaptic effectors. Proc Natl Acad Sci USA 2007;104:6055–60.



580 E.V. Gurevich and V.V. Gurevich

235. Tappe A, Kuner R. Regulation of motor performance and striatal function by synaptic
scaffolding proteins of the Homer1 family. Proc Natl Acad Sci USA 2006;103:774–9.

236. Gerfen CR. The neostriatal mosaic: multiple levels of compartmental organization. Trends
Neurosci 1992;15:133–9.

237. Prensa L, Parent A. The nigrostriatal pathway in the rat: A single-axon study of the rela-
tionship between dorsal and ventral tier nigral neurons and the striosome/matrix striatal
compartments. J Neurosci 2001;21:7247–60.

238. Joel D, Weiner I. The connections of the dopaminergic system with the striatum in rats and
primates: an analysis with respect to the functional and compartmental organization of the
striatum. Neuroscience 2000;96:451.

239. Saka E, Elibol B, Erdem S, Dalkara T. Compartmental changes in expression of c-Fos
and FosB proteins in intact and dopamine-depleted striatum after chronic apomorphine
treatment. Brain Res 1999;825:104–14.

240. Bonuccelli U.Comparing dopamine agonists in Parkinson’s disease. Curr Opin Neurol
2003;16(Suppl 1):S13–9.

241. Bonuccelli U, Pavese N. Dopamine agonists in the treatment of Parkinson’s disease. Expert
Rev Neurother 2006;6:81–9.

242. Foley P, Gerlach M, Double KL, Riederer P. Dopamine receptor agonists in the therapy of
Parkinson’s disease. J Neural Transm 2004;111:1375–446.

243. BibbianiF, Costantini LC, Pate lR, Chase TN. Continuous dopaminergic stimulation reduces
risk of motor complications in parkinsonian primates. Exp Neurol 2005;192:7378.

244. Blanchet PJ, Calon F, Martel JC, et al. Continuous administration decreases and pulsatile
administration increases behavioral sensitivity to a novel dopamine D2 agonist (U-91356a)
in MPTP- exposed monkeys. J Pharmacol Exp Ther 1995;272:854–9.

245. Maratos EC, Jackson MJ, Pearce RK, Cannizzaro C, Jenner P. Both short- and long-acting
D-1/D-2 dopamine agonists induce less dyskinesia than L-DOPA in the MPTP-lesioned
common marmoset (Callithrix jacchus). Exp Neurol 2003;179:90–102.

246. Delfino M, Kalisch R, Czisch M, et al. Mapping the effects of three dopamine agonists with
different dyskinetogenic potential and receptor selectivity using pharmacological functional
magnetic resonance imaging. Neuropsychopharmacology 2007;32:1911.

247. Delfino MA, Stefano AV, Ferrario JE, Taravini IRE, Murer MG, Gershanik OS. Behavioral
sensitization to different dopamine agonists in a parkinsonian rodent model of drug-induced
dyskinesias. Behav Brain Res 2004;152:297.

248. Blanchet P, Bedard PJ, Britton DR, Kebabian JW. Differential effect of selective D-1 and D-2
dopamine receptor agonists on levodopa-induced dyskinesia in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine- exposed monkeys. J Pharmacol Exp Ther 1993;267:275–9.

249. Bianchi BR, Miller TR, Stashko MA, et al. Persistent activation of the dopamine D1 receptor
contributes to prolonged receptor desensitization: Studies with A-77636. J Pharmacol Exp
Ther 1996;276:1022–9.

250. Blanchet PJ, Grondin R, Bedard PJ, Shiosaki K, Britton DR. Dopamine D1 receptor
desensitization profile in MPTP-lesioned primates. Eur J Pharmacol 1996;309:13.

251. Nutt JG. Continuous dopaminergic stimulation: Is it the answer to the motor complications
of Levodopa? Mov Disord 2007;22:1–9.

252. Stocchi F, Olanow CW. Continuous dopaminergic stimulation in early and advanced
Parkinson’s disease. Neurology 2004;62(Suppl 1):S56–63.

253. Olanow CW, Obeso JA, Stocchi F. Drug insight: Continuous dopaminergic stimulation in
the treatment of Parkinson’s disease. Nat Clin Pract Neurol 2006;2:382–92.

254. Stocchi F, Vacca L, Ruggieri S, Olanow CW. Intermittent vs continuous levodopa adminis-
tration in patients with advanced Parkinson disease: a clinical and pharmacokinetic study.
Arch Neurol 2005;62:905–10.

255. Ravenscroft P, Chalon S, Brotchie JM, Crossman AR. Ropinirole versus L-DOPA effects on
striatal opioid peptide precursors in a rodent model of Parkinson’s disease: implications for
dyskinesia. Exp Neurol 2004;185:36–46.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 581

256. Jenner P. A novel dopamine agonist for the transdermal treatment of Parkinson’s disease.
Neurology 2005;65:S3–S5.

257. LeWitt PA, Lyons KE, Pahwa R, on behalf of the SPSG. Advanced Parkinson disease treated
with rotigotine transdermal system: PREFER Study. Neurology 2007;68:1262–7.

258. Winkler JD, Weiss B. Reversal of supersensitive apomorphine-induced rotational behavior
in mice by continuous exposure to apomorphine. J Pharmacol Exp Ther 1986;238:242–7.

259. Linazasoro G, Obeso JA, Gómez JC, Martínez M, Antonini A, Leenders KL. Modification
of dopamine D2 receptor activity by pergolide in Parkinson’s disease: An in vivo study by
PET. Clin Neuropharmacol 1999;22:277–80.

260. Goulet M, Grondin R, Morissette M, et al. Regulation by chronic treatment with cabergoline
of dopamine D1 and D2 receptor levels and their expression in the striatum of Parkinsonian-
monkeys. Progr Neuro-Psychopharmacol Biol Psychiatry 2000;24:607.

261. Muriel MP, Bernard V, Levey AI, et al. Levodopa induces a cytoplasmic localization of
D1 dopamine receptors in striatal neurons in Parkinson’s disease. Ann Neurol 1999;46:
103–11.

262. Guigoni C, Doudnikoff E, Li Q, Bloch B, Bezard E. Altered D1 dopamine receptor
trafficking in parkinsonian and dyskinetic non-human primates. Neurobiol Dis 2007;26:452.

263. Kim OJ, Gardner BR, Williams DB, et al. The role of phosphorylation in D1 dopamine
receptor desensitization: evidence for a novel mechanism of arrestin association. J Biol
Chem 2004;279:7999–8010.

264. Kim KM, Valenzano KJ, Robinson SR, Yao WD, Barak LS, Caron MG. Differential reg-
ulation of the dopamine D2 and D3 receptors by G protein-coupled receptor kinases and
beta-arrestins. J Biol Chem 2001;276:37409–14.

265. Kim KM, Gainetdinov RR, Laporte SA, Caron MG, Barak LS. G protein-coupled recep-
tor kinase regulates dopamine D3 receptor signaling by modulating the stability of a
receptor-filamin-beta-arrestin complex. A case of autoreceptor regulation. J Biol Chem
2005;280:12774–80.

266. Cho DI, Beom S, Van Tol HH, Caron MG, Kim KM. Characterization of the desensitization
properties of five dopamine receptor subtypes and alternatively spliced variants of dopamine
D2 and D4 receptors. Biochem Biophys Res Commun 2006;350:634–40.

267. Szczypka MS, Rainey MA, Kim DS, et al. Feeding behavior in dopamine-deficient mice.
Proc Natl Acad Sci USA 1999;96:12138–43.

268. Steige RM. Constant dopaminergic stimulation by transdermal delivery of dopaminergic
drugs: a new treatment paradigm in Parkinson’s disease. Eur J Neurol 2008;15:6–15.

269. Grace AA. Phasic versus tonic dopamine release and the modulation of dopamine system
responsivity: A hypothesis for the etiology of schizophrenia. Neuroscience 1991;41:1.

270. West AR, Grace AA. Opposite influences of endogenous dopamine D1 and D2 recep-
tor activation on activity states and electrophysiological properties of striatal neurons:
studies combining in vivo intracellular recordings and reverse microdialysis. J Neurosci
2002;22:294–304.

271. Grace AA. The tonic/phasic model of dopamine system regulation and its implications for
understanding alcohol and psychostimulant craving. Addiction 2000;95(Suppl 2):S119–S28.

272. Schultz W. Predictive reward signal of dopamine neurons. J Neurophysiol 1998;80:1–27.
273. de la Fuente-Fernández R, Sossi V, Huang Z, et al. Levodopa-induced changes in synap-

tic dopamine levels increase with progression of Parkinson’s disease: implications for
dyskinesias. Brain 2004;127:2747–54.

274. Miller DW, Abercrombie ED. Role of high-affinity dopamine uptake and impulse activity
in the appearance of extracellular dopamine in striatum after administration of exogenous
L-DOPA: studies in intact and 6-hydroxydopamine-treated rats. J Neurochem 1999;72:
1516–22.

275. Tedroff J, Pedersen M, Aquilonius SM, Hartvig P, Jacobsson G, Långström B. Levodopa-
induced changes in synaptic dopamine in patients with Parkinson’s disease as measured by
[11C]raclopride displacement and PET. Neurology 1996;46:1430–6.



582 E.V. Gurevich and V.V. Gurevich

276. Brooks DJ, Sagar H. Entacapone is beneficial in both fluctuating and non-fluctuating patients
with Parkinson’s disease: a randomised, placebo controlled, double blind, six month study.
J Neurol Neurosurg Psychiatry 2003;74:1071–9.

277. Ahmed MR, Bychkov E, Gurevich EV. Lentivirus-mediated overexpression of GRK3 and
5 suppresses behavioral sensitization to L-DOPA in the 6-OHDA rat model of Parkinson’s
disease. Soc Neurosci Abstr San Diego, 2007.

278. Maratos EC, Jackson MJ, Pearce RKB, Jenner P. Antiparkinsonian activity and dyskinesia
risk of ropinirole and L-DOPA combination therapy in drug naive MPTP-lesioned common
marmosets (Callithrix jacchus). Mov Disord 2001;16:631–41.

279. Verhagen Metman L, Locatelli ER, Bravi D, Mouradian MM, Chase TN. Apomorphine
responses in Parkinson’s disease and the pathogenesis of motor complications. Neurology
1997;48:369–72.

280. Grandas F, Gancher ST, Rodriguez M, Lera G, Nutt JG, Obeso JA. Differences in the
motor response to apomorphine between untreated and fluctuating patients with Parkinson’s
disease. Clin Neuropharmacol 1992;15:13–8.

281. Bravi D, Mouradian MM, Roberts JW, Davis TL, Sohn YH, Chase TN. Wearing-off fluc-
tuations in Parkinson’s disease: Contribution of postsynaptic mechanisms. Ann Neurol
1994;36:27–31.

282. Colosimo C, Merello M., Hughes AJ, Sieradzan K, Lees AJ. Motor response to acute
dopaminergic challenge with apomorphine and levodopa in Parkinson’s disease: impli-
cations for the pathogenesis of the on-off phenomenon. J Neurol Neurosurg Psychiatry
1996;60:634–7.

283. Harder S, Baas H. Concentration-response relationship of levodopa in patients at different
stages of Parkinson’s disease. Clin Pharmacol Ther 1998;64:183–91.

284. Nutt JG, Carter JH, Lea ES, Sexton GJP. Evolution of the response to levodopa during the
first 4 years of therapy. Ann Neurol 2002;51:686–93.

285. Voon V, Potenza MN, Thomsen T. Medication-related impulse control and repetitive
behaviors in Parkinson’s disease. Curr Opin Neurol 2007;20:484–92.

286. Nirenberg MJ, Waters C. Compulsive eating and weight gain related to dopamine agonist
use. Mov Disord 2006;21:524–9.

287. Weintraub D, Potenza MN. Impulse control disorders in Parkinson’s disease. Curr Neurol
Neurosci Rep 2006;6:302–6.

288. Freed CR, Greene PE, Breeze RE, et al. Transplantation of embryonic dopamine neurons for
severe Parkinson’s disease. N Engl J Med 2001;344:710–9.

289. Hagell P, Piccini P, Björklund A, et al. Dyskinesias following neural transplantation in
Parkinson’s disease. Nat Neurosci 2002;5:627–8.

290. Olanow WC, Goetz CG, Kordower JH, et al. A double-blind controlled trial of bilateral fetal
nigral transplantation in Parkinson’s disease. Ann Neurol 2003;54:403–14.

291. OhJD, Geller AI, Zhang G, Chase TN. Gene transfer of constitutively active protein kinase
C into striatal neurons accelerates onset of levodopa-induced motor response alterations in
parkinsonian rats. Brain Res 2003;971:18–30.

292. Mazzella L, Yahr MD, Marinelli L, Huang N, Moshier E, Di Rocco A. Dyskinesias pre-
dict the onset of motor response fluctuations in patients with Parkinson’s disease on L-dopa
monotherapy. Parkinsonism Relat Disord 2005;11:151–5.

293. Bové J, Serrats J, Mengod G, Cortés R, Aguilar E, Marin C. Reversion of levodopa-induced
motor fluctuations by the A2A antagonist CSC is associated with an increase in striatal
preprodynorphin mRNA expression in 6-OHDA-lesioned rats. Synapse 2006;59:435–44.

294. Wessell RH, Ahmed SM, Menniti FS, Dunbar GL, Chase TN, Oh JD. NR2B selec-
tive NMDA receptor antagonist CP-101,606 prevents levodopa-induced motor response
alterations in hemi-parkinsonian rats. Neuropharmacology 2004;47:184–94.

295. Bibbiani F, Oh JD, Petzer JP, et al. A2A antagonist prevents dopamine agonist-induced
motor complications in animal models of Parkinson’s disease. Exp Neurol 2003;184:
285–94.



18 Dopamine Receptors and the Treatment of Parkinson’s Disease 583

296. Oh JD, Bibbiani F, Chase TN. Quetiapine attenuates levodopa-induced motor complications
in rodent and primate parkinsonian models. Exp Neurol 2002;177:557–64.

297. Hurley MJ, Jenner P. What has been learnt from study of dopamine receptors in Parkinson’s
disease? Pharmacol Ther 2006;111:715.

298. Meador-Woodruff JH, Damask SP, Watson SJJ. Differential expression of autorecep-
tors in the ascending dopamine systems of the human brain. Proc Natl Acad Sci USA
1994;91:8297–301.

299. Mrzljak L, Bergson C, Pappy M, Huff R, Levenson R, Goldman-Rakic PS. Localization
of dopamine D4 receptors in GABAergic neurons of the primate brain. Nature 1996;381:
245–8.

300. Svingos AL, Periasamy S, Pickel VM. Presynaptic dopamine D(4) receptor localization in
the rat nucleus accumbens shell. Synapse 2000;36:222–32.

301. Caillé I, Dumartin B, Bloch B. Ultrastructural localization of D1 dopamine receptor
immunoreactivity in rat striatonigral neurons and its relation with dopaminergic innervation.
Brain Res 1996;730:17–31.

302. Beischlag TV, Marchese A, Meador-Woodruff JH, et al. The human dopamine D5 receptor
gene: cloning and characterization of the 5′-flanking and promoter region. Biochemistry
1995;34:5960–70.

303. Moore DJ, West AB, Dawson VL, Dawson TM. Molecular pathophysiology of Parkinson’s
disease. Annu Rev Neurosci 2005;28:57–87.

304. Mytilineou C, Han SK, Cohen G. Toxic and protective effects of L-dopa on mesencephalic
cell cultures. J Neurochem 1993;61:1470–8.

305. Michel PP, Hefti F. Toxicity of 6-hydroxydopamine and dopamine for dopaminergic neurons
in culture. J Neurosci Res 1990;26:428–35.

306. Steece-Collier K, Collier TJ, Sladek CD, Sladek JRJ. Chronic levodopa impairs mor-
phological development of grafted embryonic dopamine neurons. Exp Neurol 1990;110:
201–8.

307. Mena MA, Pardo B, Paino CL, De Yebenes JG. Levodopa toxicity in foetal rat midbrain
neurones in culture: modulation by ascorbic acid. Neuroreport 1993;4:438–40.

308. Pardo B, Mena MA, Casarejos MJ, Paíno CL, De Yébenes JG. Toxic effects of L-DOPA on
mesencephalic cell cultures: protection with antioxidants. Brain Res 1995;682:133–43.

309. Han SK, Mytilineou C, Cohen G. L-DOPA up-regulates glutathione and protects mesen-
cephalic cultures against oxidative stress. J Neurochem 1996;66:501–10.

310. Ling ZD, Pieri SC, Carvey PM. Comparison of the neurotoxicity of dihydroxyphenylalanine
stereoisomers in cultured dopamine neurons. Clin Neuropharmacol 1996;19:360–5.

311. MenaMA, Casarejos MJ, Carazo A, Paíno CL, García de Yébenes J. Glia protect fetal mid-
brain dopamine neurons in culture from L-DOPA toxicity through multiple mechanisms.
J Neural Transm 1997;104:317–28.

312. Mena MA, Davila V, Sulzer D. Neurotrophic effects of L-DOPA in postnatal midbrain
dopamine neuron/cortical astrocyte cocultures. J Neurochem 1997;69:1398–408.

313. Mena MA, Davila V, Bogaluvsky J, Sulzer D. A synergistic neurotrophic response to
L-dihydroxyphenylalanine and nerve growth factor. Mol Pharmacol 1998;54:678–86.

314. Chen J, Wersinger C, Sidhu A. Chronic stimulation of D1 dopamine receptors in human SK-
N-MC neuroblastoma cells induces nitric-oxide synthase activation and cytotoxicity. J Biol
Chem 2003;278:28089–100.

315. Chen J, Rusnak M, Luedtke RR, Sidhu A. D1 Dopamine Receptor Mediates Dopamine-
induced Cytotoxicity via the ERK Signal Cascade. J Biol Chem 2004;279:39317–30.

316. Mytilineou C, Walker RH, JnoBaptiste R, Olanow CW. Levodopa is toxic to dopamine neu-
rons in an in vitro but not an in vivo model of oxidative stress. J Pharmacol Exp Ther
2003;304:792–800.

317. Murer M, Dziewczapolski G, Menalled LB, et al. Chronic levodopa is not toxic for
remaining dopamine neurons, but instead promotes their recovery, in rats with moderate
nigrostriatal lesions. Ann Neurol 1998;43:561–75.



584 E.V. Gurevich and V.V. Gurevich

318. Datla KP, Blunt SB, Dexter DT. Chronic L-DOPA administration is not toxic to the
remaining dopaminergic nigrostriatal neurons, but instead may promote their functional
recovery, in rats with partial 6-OHDA or FeCl3 nigrostriatal lesions. Mov Disord 2001;16:
424–34.

319. Fahn S. A new look at levodopa based on the ELLDOPA study. J Neural Transm Suppl
2006;70:419–26.

320. Fahn S, the Parkinson Study Group. Does levodopa slow or hasten the rate of progression of
Parkinson’s disease? J Neurol 2005;252(Suppl 4):IV37–IV42.

321. Group PS. Dopamine transporter brain imaging to assess the effects of pramipexole vs
levodopa on Parkinson disease progression. JAMA 2002;287:1653–61.

322. Whone AL, Watts RL, Stoessl AJ, et al. Slower progression of Parkinson’s disease with
ropinirole versus levodopa: The REAL-PET study. Ann Neurol 2003;54:93–101.

323. Scheller D, Chan P, Li Q, et al. Rotigotine treatment partially protects from MPTP toxicity
in a progressive macaque model of Parkinson’s disease. Exp Neurol 2007;203:415–22.

324. Double KL, Halliday GM, Henderson J, et al. The dopamine receptor agonist lisuride
attenuates iron-mediated dopaminergic neurodegeneration. Exp Neurol 2003;184:530–5.

325. JoyceJN, Steve Presgraves S, Renisha L, et al. Neuroprotective effects of the novel
D3/D2 receptor agonist and antiparkinson agent, S32504, in vitro against 1-methyl-4-
phenylpyridinium (MPP+) and in vivo against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP): a comparison to ropinirole. Exp Neurol 2003;184:393–407.

326. JoyceJN, Woolsey C, Ryoo H, Borwege S, Diane Hagner D. Low dose pramipexole is
neuroprotective in the MPTP mouse model of Parkinson’s disease, and downregulates the
dopamine transporter via the D3 receptor. BMC Biol 2004;2:22.

327. Iida M, Miyazaki I, Tanaka K, Kabuto H, Iwata-Ichikawa E, Ogawa N. Dopamine D2
receptor-mediated antioxidant and neuroprotective effects of ropinirole, a dopamine agonist.
Brain Res 1999;838:51–9.

328. Anderson DW, Neavin T, Smith JA, Schneider JS. Neuroprotective effects of pramipexole in
young and aged MPTP-treated mice. Brain Res 2001;905:44–53.

329. Iravani MM, Haddon CO, Cooper JM, Jenner P, Schapira AH. Pramipexole protects against
MPTP toxicity in non-human primates. J Neurochem 2006;96:1315–21.

330. Vu TQ, Ling ZD, Ma SY, et al. Pramipexole attenuates the dopaminergic cell loss induced
by intraventricular 6-hydroxydopamine. J Neural Transm 2000;107:159–76.

331. Takashimaa H, Tsujihataa M, Kishikawab M, Freed WJ. Bromocriptine protects dopamin-
ergic neurons from levodopa-induced toxicity by stimulating D2 receptors. Exp Neurol
1999;159:98–104.

332. Sawada H, Ibi M, Kihara T, et al. Dopamine D2-type agonists protect mesencephalic neurons
from glutamate neurotoxicity: Mechanisms of neuroprotective treatment against oxidative
stress. Ann Neurol 1998;44:110–9.

333. Presgraves SP, Borwegea S, Millan MJ, Joyce JN. Involvement of dopamine D2/D3
receptors and BDNF in the neuroprotective effects of S32504 and pramipexole against
1-methyl-4-phenylpyridinium in terminally differentiated SH-SY5Y cells. Exp Neurol
2004;190:157–70.

334. Yu Y, Wang JR, Sun PH, et al. Neuroprotective effects of atypical D1 receptor agonist
SKF83959 are mediated via D1 receptor-dependent inhibition of glycogen synthase kinase-3
beta and a receptor-independent anti-oxidative action. J Neurochem 2008;104:946–56.

335. Joyce JN, Millan MJ. Dopamine D3 receptor agonists for protection and repair in
Parkinson’s disease. Curr Opin Pharmacol 2007;7:100–5.

336. Ramirez AD, Wong SK-F, Menniti FS. Pramipexole inhibits MPTP toxicity in mice
by dopamine D3 receptor dependent and independent mechanisms. Eur J Pharmacol
2003;475:29–35.

337. Du F, Li R, Huang Y, Li X, Le W. Dopamine D3 receptor-preferring agonists induce
neurotrophic effects on mesencephalic dopamine neurons. Eur J Neurosci 2005;22:2422–30.



Chapter 19
Dopamine Receptor Genetics
in Neuropsychiatric Disorders

Frankie H.F. Lee and Albert H.C. Wong

Abstract The dopamine system modulates a diverse set of neural functions rele-
vant to neuropsychiatric disorders and is modulated by some drugs used to treat
these conditions. As a result, dopamine receptor genes have been a major focus for
genetic studies that have analyzed putative associations between polymorphic vari-
ants and a wide range of clinical syndromes including alcoholism, substance abuse,
schizophrenia, ADHD, anxiety disorders, bipolar and unipolar mood disorders, as
well as related traits thought to contribute to these syndromes. In the following chap-
ter, we review the basic genetic organization of the dopamine receptor genes and the
evidence for association with these diagnoses. There is considerable inconsistency
in the results from these genetic association studies, which is consistent with a com-
plex genetic phenotype, and the neurobiological complexity of behaviors affected in
neuropsychiatric illness. Overall, the strongest findings are the associations between
variation in the DRD2 gene and alcoholism and the DRD4 gene and ADHD. While
these associations do not suggest a major effect on risk in most patients, they do
provide important insights into the pathophysiology of these disorders.

Keywords Dopamine · Receptor · Genes · Genetic association · SNP ·
Alcoholism · ADHD · Schizophrenia · Bipolar disorder · Substance abuse

19.1 Introduction

Over the past two decades, the genetics of dopamine receptors and their role in
neuropsychiatric diseases have been studied extensively. The dopamine system
is involved in neural functions including locomotion, movement, reward, cogni-
tion, and endocrine regulation [1]. Thus, genetic variation in dopamine receptors
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may influence symptoms in, or susceptibility to, various neuropsychiatric diseases.
In addition, dopamine receptors are targets for antipsychotic medications that are
used to treat delusions and hallucinations in schizophrenia and other psychotic
disorders. Important side effects caused by antipsychotics include dopamine system-
mediated extrapyramidal motor impairment and prolactin elevation [2]. Conversely,
dopamine receptor agonists are psychostimulants that help to alleviate hypokinesia
in Parkinson’s disease and can cause psychotic symptoms in some cases [3]. Thus,
alterations in dopamine receptor function, expression, and localization can have sig-
nificant implications for both therapeutic efficacy and side effects of several classes
of drugs.

There has been an accumulation of evidence to support the notion that variation
in dopamine receptor genes can affect susceptibility to a number of neuropsychi-
atric diseases. In particular, schizophrenia, attention deficit hyperactivity disorder
(ADHD), substance abuse, and bipolar disorder have the strongest association.
However, even for these disorders, there are conflicting results and no clear evidence
of variants exerting a strong effect on susceptibility in the majority of patients. As
with other complex diseases and phenotypes, it is probably unrealistic to expect a
single genetic variant to account for a large proportion of risk in all patients. With
regard to behavioral disorders in particular, there are several additional complica-
tions. Symptoms and functional impairments in neuropsychiatric disease are not
regulated by single molecular pathways or clearly defined anatomical structures,
and neurotransmitter system components act in multiple brain circuits. Thus, the net
impact of a given change in dopamine receptor function, expression, or localization
cannot predict overall clinical presentation in a deterministic fashion.

A related issue is the heterogeneity of diagnostic groups based largely on clini-
cal criteria like those in the DSM [4], in which patients with similar symptoms do
not necessarily share the same genetic etiology. Finally, there are environmental and
epigenetic factors that also affect behavior, creating even more variation that cannot
be attributed to simple variation in DNA sequence [5]. Nevertheless, the identifica-
tion of genetic variation that contributes to neuropsychiatric disease susceptibility or
progression can generate important insights into pathophysiology, and in conjunc-
tion with other kinds of neurobiological studies can enhance our understanding of
these complex and heterogeneous diseases. Ultimately, these genetic data will need
to be supplemented by mechanistic understanding to determine the role of genetic
variation that influences disease predisposition. In this chapter, we will review the
polymorphisms present in dopamine receptor genes, survey their association with
neuropsychiatric diseases, and discuss the conflicting results in the literature.

19.2 Characteristics of Dopamine Receptors

Five distinct dopamine receptor subtypes, D1–D5, have been cloned and charac-
terized [6–9]. These are further subdivided into D1-like (D1 and D5) and D2-like
(D2, D3, and D4) receptors based on their ability to stimulate adenylyl cyclase [10]
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(Table 19.1). Dopamine receptors belong to the family of seven transmembrane
domain G protein-coupled receptors (Fig. 19.1). D1-like receptors are able to stim-
ulate adenylyl cyclase and promote the production of cyclic AMP (cAMP) whereas
D2-like receptors inhibit this downstream signaling cascade. Subsequent structural
and pharmacological studies confirm this broad functional grouping of dopamine
receptor subtypes.

Both the D1-like and D2-like receptors show a high degree of DNA and amino
acid sequence homology within their transmembrane domains (TMD) [11–15]. D1
and D5 receptors share an 80% homology in their TMDs while the D2 receptor
shares a 75% homology with the D3 receptor and 53% with D4. The main differ-
ence in genomic organization between the two classes of dopamine receptors is

Table 19.1 Molecular characteristics of dopamine receptors

D1-like D2-like

D1 D5 D2S D2L D3 D4

Chromosomal location 5q35.1 4p16.1 11q22-23 3q13.3 11p15.5
Amino acids 446 477 414 443 400 387–515a

Exonsb 2 1 8 8 7 4
Intronsc 0 0 5 6 5 3

a Depends on the number of repeats in exon 3.
b Includes coding region, 5′- and 3′-untranslated region.
c Within coding region

Fig. 19.1 Dopamine receptor structure. D1-like and D2-like receptors differ in the number of
potential glycosylation sites which are represented on the NH2-terminus. D1-like receptors are
also characterized by a longer C-terminal tail and a shorter third intracellular loop. Several phos-
phorylation sites are illustrated on the COOH-terminal as well. E1–E3: extracellular loops; 1–7:
transmembrane domains; I2 and I3: intracellular loops
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the absence or presence of introns in their coding sequences. D1-like receptors are
encoded by genes lacking introns whereas they are present in D2, D3, and D4 recep-
tor genes. Further analysis revealed that the D2 receptor-coding region contains six
introns, D3 receptor five introns, and D4 receptor three [16].

19.2.1 Structural Characteristics of Dopamine Receptors

In terms of structural characteristics of dopamine receptors, the NH2-terminal
stretch of all receptor subtypes has a similar number of amino acid residues but
differs in the number of N-glycosylation sites, with D1 and D5 having two sites, D2
four, D3 three, and D4 only one. The carboxy-terminus length is about seven times
longer for D1-like receptors than D2-like. Like other G protein-coupled receptors,
the C-terminus is rich in serine and threonine residues which can be phosphory-
lated by kinases, and contains cysteine residues that are probably involved in the
anchorage of the cytoplasmic tail to the membrane [16]. In addition, two cysteine
residues are also present in the second and third extracellular loops, enabling the
formation of a disulfide bridge for stabilization of the whole receptor structure. One
major structural difference between the two groups is that the third intracellular loop
is shorter in D1-like receptors than in the D2-like. As the third intracellular loop is
mainly responsible for G protein coupling and signal transduction, this accounts for
the differences in downstream signaling. The shorter third intracellular loop associ-
ated with D1-like receptors typically interacts with the G-stimulatory (Gs) proteins
to activate adenylyl cyclase and the production of cAMP. In contrast, the longer
loop associated with D2-like receptors interacts with G-inhibitory (Gi) proteins that
inhibit adenylyl cyclase and reduce the production of cAMP [16].

As mentioned previously, D2-like receptors possess introns in their coding
regions. This allows the generation of receptor variants via alternative splicing.
Indeed, the D2 receptor has two main variants, the short isoform D2S and the long
isoform D2L, produced by alternative splicing of an 87 bp exon between intron 4 and
5 [12, 17–19]. The D2L isoform has a stretch of 29 amino acid residues in the third
cytoplasmic loop that is absent D2S [20]. For D3 receptors, splice variants appear
to generate non-functional proteins [21–23]. No splice variants of the D4 receptor
have been found, but the D4 receptor gene locus is highly polymorphic, producing
great diversity of D4 receptor isoforms (discussed in more detail below). Although
the D5 receptor gene contains no introns, two pseudogenes sharing 98% identity are
found on human chromosomes 1 and 2. With respect to the D5 receptor, these pseu-
dogenes show 95% amino acid identity but interestingly, they code for a truncated,
non-functional form of the receptor [24, 25].

19.2.2 Pharmacological Characteristics of Dopamine Receptors

In addition to structural differences, the D1-like and D2-like receptors have differing
pharmacological profiles based on variable binding affinity of ligands for the recep-
tor subtypes [16]. Table 19.2 lists several ligands that bind to dopamine receptor
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Table 19.2 Pharmacological profile of dopamine receptors on selected agonists and antagonists

D1-like D2-like

D1 D5 D2 D3 D4

Agonists
Apomorphine 1 μM 100 nM 1 nM 10 nM 1 nM
Bromocriptine 100 nM 100 nM 1 nM 1 nM 100 nM
Dopamine 1 μM 100 nM 100 nM 10 nM 10 nM

Antagonists
(+)-Butaclamol 1 nM 10 nM 1 nM Undetermined 10 nM
Chlorpromazine 100 nM 100 nM 1 nM 10 nM 10 nM
Clozapine 100 nM 100 nM 100 nM 100 nM 10 nM
Haloperidol 100 nM 100 nM 0.1 nM 10 nM 1 nM
Raclopride 10 μM Undetermined 1 nM 1 nM 1 μM
SCH-23390 0.1 nM 0.1 nM 1 μM 1 μM 1 μM
Spiperone 100 nM 1 μM 0.1 nM 1 nM 0.1 nM
Sulpiride 10 μM 10 μM 10 nM 10 nM 10 nM

All values are given as inhibition constants (K i). Estimated orders of magnitude for each value
are reported. Modified from Missale et al. [16]

subtypes with different affinities. Not surprisingly, dopamine itself is able to bind
to all five receptors but has a higher affinity for D5 receptors than D1. Among the
D2-like receptors, dopamine binds D2 receptors with a lower affinity than D3 and
D4. Moreover, there are other agonists and antagonists that preferentially bind to
D1-like or D2-like receptors, permitting distinctions between receptor subtypes to be
assessed pharmacologically. For example, the dopamine antagonist sulpiride binds
to D2-like receptors preferentially. However, a clear differentiation between D1 and
D5 receptors cannot be easily established pharmacologically as they have similar
affinity profiles for most dopaminergic drugs. Besides dopamine, (+)-butaclamol is
another discriminating dopamine antagonist that has a slightly higher affinity for D1
receptors than D5 [9, 14]. On the other hand, the D2-like receptors are more readily
distinguished using drugs with variable affinity for D2, D3, or D4 receptors. As for
D2 receptor isoforms, there is still no compound that is able to clearly discriminate
between D2S and D2L. Only a marginal difference in the binding affinities toward
the two isoforms has been described with sulpiride and raclopride [26, 27].

19.3 Dopamine Receptor Function and Neuropsychiatric Disease

Dopamine receptors are coupled to a variety of different downstream effectors and
hence regulate different activities such as locomotor activity, positive reinforcement
or reward, cognition, and endocrine control in the central nervous system. As men-
tioned before, the most important is the modulation of adenylyl cyclase activity
that results in either stimulation or inhibition of cAMP production depending on
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the receptor subtype. In most cases, cAMP further regulates the activity of pro-
tein kinase A, which is responsible for numerous downstream effects. In addition
to cAMP production, dopamine receptors have been shown to modulate the activity
of phospholipase C, the release of arachidonic acid, the regulation of calcium and
potassium channels, as well as Na+/H+ exchangers and Na+/K+ ATPases [16].
Recent studies have also demonstrated that the activation of D2S isoform of the
D2 receptors is able to stimulate phospholipase D via coupling with Rho family
of G proteins [28]. Phospholipase D is an enzyme responsible for the hydrolysis of
phosphatidylcholine to phosphatidic acid and choline, and the end result seems to be
associated with an antiproliferative effect [29]. All of these downstream pathways
have important implications for neuropsychiatric disease.

19.3.1 D1 Receptors

The dopamine D1 receptor (DRD1) gene is mapped to chromosome 5q35.1 and con-
tains two exons separated by a small intron in the 5′ untranslated region (5′ UTR)
[30, 31] (Fig. 19.2). The coding region is located within exon 2 and encodes 446
amino acids. Several polymorphisms, most located in the 5′ UTR, have been impli-
cated in neuropsychiatric diseases. In most cases, they are recognized by different
restriction enzymes such as Dde I, BstN I, and Hae III. Hence these restriction frag-
ment length polymorphisms (RFLP) allow easy detection using polymerase chain
reaction (PCR) methods together with the appropriate restriction enzyme. Screening
of the 5′ UTR polymorphisms showed that none of the mutations has an important
influence on transcriptional activity [1]. Moreover, two silent mutations, +198 G/A
(Leu66) and +1,263 A/G (Ser421), have been reported in the coding region of DRD1
that may play a role in disease susceptibility. Since these variants do not change
amino acid sequence, they would not change protein structure, but possibly could
affect mRNA abundance or stability.

Fig. 19.2 Dopamine D1 receptor: Schematic representation of polymorphisms (not to scale).
Coding regions of exons are marked by black blocks, and the 5′ and 3′- UTR are represented
by white blocks. The first base of the ATG start codon is denoted as +1 and the location of other
polymorphisms are given relative to the start codon. Introns are represented as a straight line con-
necting the exons. Restriction enzymes, alteration of amino acids, and other distinct descriptions
are given where applicable. (Modified from Kim et al. [42])
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Overall, studies of individual polymorphisms in DRD1 have produced conflicting
genetic linkage or association results in several different diseases (Table 19.3). Of all
the single nucleotide polymorphisms (SNPs) reported, the –48 A/G polymorphism
has been the most extensively studied. Several case–control studies have reported
negative findings in patients with schizophrenia and bipolar disorder [32–37].
In contrast, others have demonstrated significant association with bipolar disorder
[36, 38]. Another interesting study conducted by Rybakowsk’s group found that the
–48 G/G genotype was associated with impairment on the Wisconsin Card Sorting
Test (WCST) in schizophrenic patients when compared to controls [39]. This is con-
sistent with executive dysfunction seen in schizophrenia, which is often assessed
using the WCST. In addition, some haplotypes assessed with the transmission dis-
equilibrium test (TDT) on the –48 A/G, –800 T/C, and +1,403 T/C polymorphisms
have been associated with bipolar disorder in two separate studies [35, 37]. Although
there are no association studies of the two synonymous mutations (Leu66 and Ser421)
with schizophrenia, Liu et al. suggested that they are unlikely to contribute signifi-
cantly to the schizophrenia [32]. Because of these inconsistent findings, no definitive
association can be seen between DRD1 mutations and schizophrenia or bipolar dis-
order. As for ADHD and alcoholism, a smaller number of studies have investigated
relationships with DRD1 polymorphisms. Misener et al. investigated four different
polymorphisms (–48 A/G, –800 T/C, –1,251 G/C, and +1,403 T/C) and found a hap-
lotype (haplotype 3 – 1.1.1.2) associated with poor working memory in ADHD [40],
while others have found association between –48 A/G and the severity of alcohol-
related problems and sensation seeking in alcoholics [41, 42]. Studies have also
reported significant association between –94 G/A and –2,102 C/A with panic dis-
order and major depressive disorder, respectively [43, 44]. Despite these significant
association studies with ADHD and alcoholism, replication has been inconsistent,
and so firm conclusions about the relationship of variation in the DRD1 gene to
these disorders cannot yet be drawn.

19.3.2 D2 Receptors

The dopamine D2 receptor is located on chromosome 11q22-23 and consists of
eight exons with the coding region spanning exons 2–8 [24, 45] (Fig. 19.3). The
gene is over 65,000 bp long and encodes 414 amino acids in D2S and 443 in D2L.
Several RFLPs distributed throughout the whole gene are recognized by Taq I, BstN
I, Hph I, Nco I, and Hpa II. In particular, three polymorphisms of Taq I, termed Taq I
A, B, and D, are the most extensively studied in relation to neuropsychiatric diseases
(Table 19.4). Taq I A is located in the 3′ UTR and has been shown to be associated
with a reduction in the D2 receptor density [46, 47]; Taq I B is near the end of intron
1 close to exon 2, and Taq I D is within intron 2. Allele frequencies of the various
Taq I polymorphisms differ depending on ancestral background [48]. A number of
polymorphisms are located within the coding region, with three of them resulting in
a change of amino acid: Val96Ala, Pro310Ser, and Ser311Cys. Amino acid positions
310 and 311 are part of the third cytoplasmic loop where amino acid substitutions
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Fig. 19.3 Dopamine D2 receptor: Schematic representation of polymorphisms (not to scale).
Coding regions of exons are marked by black blocks, and the 5′ and 3′- UTR are represented
by white blocks. The first base of the ATG start codon is denoted as +1 and the location of other
polymorphisms are given relative to the start codon. Introns are represented as a straight line con-
necting the exons. Restriction enzymes, alteration of amino acids, and other distinct descriptions
are given where applicable. (Modified from Kim et al. [42])

can affect the magnitude of cAMP inhibition [1]. All three variants, however, are
functionally active in Chinese hamster ovary cells [49]. Although the +957 C/T
SNP is a synonymous variant resulting in the same amino acid (Pro319), the T allele
has been shown to decrease translation of DRD2 mRNA, DRD2 mRNA stability,
and dopamine-induced upregulation of D2 receptors [50]. In the 5′ promoter region,
two mutations –241 A/G and –141C ins/del have been detected and are associated
with D2 receptor density [51].

A large number of studies have investigated the Taq I A polymorphism and its
association with alcoholism, with inconsistent results. The first evidence of Taq I A
association with alcoholism was reported by Blum et al. [52], and later replicated
in several other studies [53–55]. In addition, greater severity of alcohol dependence
[56] and early-onset alcoholism [57] have been associated with the Taq I A1 allele.
In contrast, a lack of association has been reported in a number of case–control
[51, 58–66] and family-based studies [67, 68]. Findings have been similarly incon-
sistent with the Taq I B polymorphism and alcoholism, with both positive [62, 69]
and negative studies [66, 70] present in the literature. Other than the Taq I poly-
morphism, no association was observed between alcoholism and Ser311Cys, (GT)n

short tandem repeat polymorphism (STRP), –141C ins/del, –241 A/G, and other
mutations within the coding region [51, 60, 66–68, 71–74]. Linkage disequilibrium
studies have not demonstrated associations with haplotypes including the Taq I A
polymorphism [60], suggesting that the Taq I polymorphism may exert only a minor
effect or interact with genes other than DRD2 to influence alcoholism. The Taq1 A
variant appears to alter an amino acid in the ankyrin repeat and kinase domain con-
taining 1 (ANKK1) gene, near the DRD2 locus [75]. It remains unclear whether
this significantly influences susceptibility to neuropsychiatric disease, but does rep-
resent a potential direction for future research. Pato et al. conducted a meta-analysis
of eight studies and found an apparent increase in the relative risk associated with
increased severity of alcoholism for the Taq I A1 allele [76]. More recently, a meta-
analysis reviewing a total of 40 case–control studies on different ethnic groups
indicates a small effect of the Taq I A polymorphism on risk for alcoholism [77]
and was further supported by another recent meta-analysis [78].
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Neuroleptics that target the dopamine receptors are the mainstay of clinical
pharmacological treatment for schizophrenia and bipolar disorder. The dopamine
hypothesis of psychosis, in which excess dopamine or dopamine signaling is
considered an important etiological factor, has been one of the most well-established
theories in the field. Thus, much research has investigated whether mutations in
the DRD2 gene confer susceptibility to disorders with prominent psychotic fea-
tures like schizophrenia and bipolar disorder. Although some studies do not find an
association between schizophrenia and the Ser311Cys missense mutation [65, 74,
79–83], several meta-analyses report a significant association with the Cys311 allele
[84–87]. The synonymous mutation Pro319 (+957C/T) was found to be associated
with schizophrenia in three European case–control studies [88–90], with a nega-
tive finding in a sample of 101 South Indians [91, 92]. This may be related to the
ANKK1 protein kinase gene mentioned above, but further research is required to
explain the relationship with schizophrenia.

Studies examining association between schizophrenia and other SNPs in the
DRD2 gene have also generated inconsistent results (Table 19.4). Association was
observed with –141C ins/del [93, 94], Taq I A and B [82, 95], and Nco I C/T
[83, 91], whereas other studies have failed to find significant association for vari-
ous DRD2 polymorphisms [65, 74, 82, 83, 94, 96–101]. Linkage and association
studies with bipolar disorder have generally not found associations with the DRD2
gene [102–105]. In a study investigating the Taq I A and –141C ins/del polymor-
phisms, Li et al. found a significant association with bipolar disorder in a Chinese
population but not Caucasian [106], suggesting ethnicity may account for conflict-
ing results. Finally, Serretti et al. examined the missense mutation Ser311Cys and its
association with four major psychiatric disorders (bipolar disorder, schizophrenia,
major depressive disorder, and delusional disorder) [107], but did not find significant
associations.

The association analysis of DRD2 polymorphisms with the abuse of substances
other than alcohol has resulted in equivocal findings. The Taq I A1 allele has been
shown to be associated with heroin dependence [108] and to increase risk for sub-
stance abuse in children of alcoholics [109]. The Taq I B1 allele was also found
to predispose to heroin dependence [110] and other substance abuse [111]. In con-
trast, Goldman et al. examined Taq I A, Ser311Cys, and (GT)n STRP and found no
association with substance abuse in a sample of 459 American-Indian subjects [65],
while Gelernter et al. revealed a non-significant association between Taq I A, B,
D polymorphism and cocaine dependence in an European- and African-American
population [112].

19.3.3 D3 Receptors

The dopamine D3 receptor (DRD3) is located on chromosome 3q13.3 and contains
seven exons separated by six introns (Fig. 19.4). The coding region spans six exons
(exons 2–7) that are distributed over 40,000 bp and encodes for a 400-amino acid
protein. The most common polymorphism studied in DRD3 is +25 A/G, which is
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Fig. 19.4 Dopamine D3 receptor: Schematic representation of polymorphisms (not to scale).
Coding regions of exons are marked by black blocks, and the 5′ and 3′- UTR are represented
by white blocks. The first base of the ATG start codon is denoted as +1 and the location of other
polymorphisms are given relative to the start codon. Introns are represented as a straight line con-
necting the exons. Restriction enzymes, alteration of amino acids, and other distinct descriptions
are given where applicable. (Modified from Kim et al. [42])

a glycine–serine substitution at amino acid position 9, in the N-terminal extracel-
lular domain of the receptor. This mutation creates a Bal I restriction enzyme site
and alters the recognition site for Msc I [113]. The SNP –206 A/G located in the
5′ region has also been studied in relation to neuropsychiatric disease. Moreover,
polymorphic sites in introns 5 and 6 are identified by the restriction enzyme Msp
I and a missense mutation Ala38Thr was also identified in the first transmembrane
domain. The functional importance of these polymorphisms has not been examined
in detail.

A large number of studies have examined the association between DRD3
Ser9Gly and schizophrenia (114), BP, ADHD, and substance abuse (Table 19.5).
Contradictory results have been reported in studies with different ethnic populations
and a variety of methods such as case–control, family based, and meta-analysis.
The majority of studies report a lack of genetic association with disease [98,
115–128]. With respect to family-based association studies, the haplotype relative
risk (HRR) and TDT strategy have been used. Weak association was reported in a
case–control study conducted in a Japanese sample [129] while a positive associa-
tion was found in a mixed sample of 117 North Americans and 97 Italians [130] and
in 73 subjects in an East Anglian sample [131]. A meta-analysis of the relationship
between Ser9Gly and schizophrenia conducted by the same group produced posi-
tive results. However, contradictory results were reported by the same group, who
reviewed more than a total of 11,000 individuals and found no significant association
between Ser9Gly homozygosity and schizophrenia [132]. Linkage disequilibrium
approaches in two separate studies have revealed strong haplotype association with
schizophrenia for haplotypes including Ser9Gly and –206 A/G [128, 129].

In bipolar disorder, a possible association with Ser9Gly polymorphism has been
detected in a case–control study using a relative risk approach [133]. Although there
was no difference in allele or genotype frequencies when compared to normal con-
trols, a significant increase in the frequency of allele 1 was observed in bipolar
disorder [133]. A lack of association was seen in a few case–control studies [103,
134, 135]. In ADHD, neither the Ser9Gly nor Msp I polymorphisms were associated
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with the disorder in a study of 100 small families [136]. Furthermore, no signifi-
cant association with alcoholism was seen in several case–control studies involving
various ethnic groups [59, 137–140]. In terms of substance abuse, there are reports
of association between Ser9Gly and opiate dependence [141], cocaine dependence
[142], and other substance dependence in schizophrenic patients [143]. As a whole,
the present findings to date do not provide strong support for the role of DRD3
polymorphisms in neuropsychiatric diseases.

19.3.4 D4 Receptors

The dopamine D4 receptor (DRD4) gene is located on chromosome 11p15.5 and
contains four exons comprising the coding region (Fig. 19.5). The gene is 3,399 bp
in size, and encodes a variable number of amino acids depending on the number of
repeats present in exon 3. The DRD4 locus is highly polymorphic with a remarkable
number of polymorphisms, especially in the 5′ UTR. The most extensively studied
polymorphism is the 48 bp tandem repeat (VNTR) in exon 3. It is a hypervari-
able region located in the third intracellular cytoplasmic loop and consists of 2–11
repeats, typically written as D4.x, where x is the number of repeats. Allele frequen-
cies vary considerably depending on ethnicity, with D4.2, D4.4, and D4.7 being the
most common [144]. The number of repeats has been reported to influence some
dimensions of personality such as novelty seeking [145–147] and has an impact
on the pharmacological profile [148, 149]. Another 120 bp tandem repeat is found
1.2 kb upstream of the initiation codon and it has been shown to contain transcrip-
tion factor binding sites [150]. Numerous SNPs are present in the 5′ UTR as well
[151]. The promoter for the DRD4 gene, located between position –591 and –123

Fig. 19.5 Dopamine D4 receptor: Schematic representation of polymorphisms (not to scale).
Coding regions of exons are marked by black blocks, and the 5′ and 3′- UTR are represented
by white blocks. The first base of the ATG start codon is denoted as +1 and the location of other
polymorphisms are given relative to the start codon. Introns are represented as a straight line con-
necting the exons. Restriction enzymes, alteration of amino acids, and other distinct descriptions
are given where applicable. (Modified from Kim et al. [42])
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relative to the start codon, is responsible for cell type-specific expression of the
gene [152] and regulates transcriptional activity [153]. The T allele of the –521C/T
polymorphism reduces transcriptional efficiency by 40% compared with the C allele
[154]. In the coding region, other than the 48 bp VNTR, exon 1 contains a 12 bp
duplication–deletion mutation, a 13 bp deletion that causes a frameshift mutation
and a 21 bp deletion. The 12 bp mutation affects amino acids in the N-terminal,
extracellular region [155]; the 13 bp frameshift mutation produces a truncated, non-
functional form of the protein [1], and the 21 bp deletion removes codons 36–42 in
the first transmembrane region [156]. A variable number of repeated G nucleotides
are also present in intron 1 but it is not clear if this variant has significant functional
impact.

The 48 bp VNTR has been investigated extensively for association with neu-
ropsychiatric diseases, especially ADHD and schizophrenia, as well as variation
in personality dimensions, particularly novelty seeking (Table 19.6). Again, con-
flicting results have been observed in various studies on different ethnic groups
and using different methods. No difference in the D4.7 allele frequency or pref-
erential transmission with ADHD was observed in several family-based studies that
used the HRR and TDT approach [157–161] nor in case–control studies [158, 162].
Another study reported no association with ADHD in 123 subjects of mixed ethnic
groups [163]. Moreover, Mill et al. detected a significant association but no link-
age in a sample of British Caucasians using both case–control and family-based
samples [164]. An interesting study investigated the relationship between the D4.7
variant and sustained attention in ADHD and found no impairment when com-
pared with controls [165]. Despite the large number of negative findings, strong
association between the D4.7 allele and ADHD has been well established in the lit-
erature [166–175]. Positive association with a refined phenotype, inattentive-type,
and combined type of ADHD was also demonstrated [176, 177]. A recent analy-
sis using neuropsychological tests revealed that the D4.7 allele is associated with
significantly more incorrect and impulsive responses [178]. When considering the
VNTR data in their entirety, it appears that more repeats (>D4.4) are associated with
a higher risk for ADHD, while a small number of repeats may even be protective
[179–182]. Other DRD4 polymorphisms have not been investigated as thoroughly
for association with ADHD. Nonetheless, several groups have found a lack of asso-
ciation for –521 C/T, –615 A/G, –616 C/G, the 120 bp tandem repeat, and the 12 bp
dup/del variant [165, 175, 182, 183]. There are positive findings for –521T [184] and
the 120 bp tandem repeat [183, 185] and ADHD. Some haplotypes with the D4.7
polymorphism and the 120 bp duplication have also been associated with ADHD
[167, 175]. Moreover, two meta-analyses found a significant association between
the D4.7 allele and ADHD [186, 187]. Despite the inconsistencies, the association
between ADHD and the 48 bp VNTR in DRD4 is one of the strongest results in
neuropsychiatric disease genetics.

The relationship between DRD4 polymorphisms and schizophrenia has also been
inconsistent. For the 48 bp VNTR, positive results [188–192] involving most of
the different repeats (D4.2–D4.8) are counterbalanced by reports of no association
[193–199]. Interestingly, Lung et al. found a similar trend as in ADHD, with a
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greater number of repeats in the VNTR (>5) associated with increased disease sus-
ceptibility [200]. A meta-analysis conducted by Glatt et al. concluded that there
was no association for the 48 bp VNTR and schizophrenia, although sex-dependent
association may be present [201]. The considerable ethnic variation in this poly-
morphism complicates the interpretation of inconsistencies between studies based
on different ethnic groups. Other SNPs in the 5′ UTR have been studied in several
groups with their relation to schizophrenia, but the most comprehensive examined
28 polymorphisms tested for association with schizophrenia in a sample of 216
Japanese patients [151]. No significant association was observed with any individ-
ual SNP, but there was weak association for some particular haplotypes. This is
consistent with the negative or weak findings of other studies that also investigated
the same polymorphisms [154, 197, 202–206]. One meta-analysis reviewed several
DRD4 polymorphisms and its relationship with schizophrenia in a total of 5,696
individuals [207]; a significant association was found with the –521 C/T allele but
not for the 48 bp VNTR nor the 12 bp mutation in exon 1.

There are few studies investigating the association of DRD4 polymorphisms with
bipolar disorder or substance abuse. Two groups found no association between the
48 bp VNTR variant and bipolar disorder [208, 209], whereas one study detected an
association with D4.4 in 154 patients of Caucasian origin [210]. A rare D4.1 vari-
ant and the 13 bp deletion in exon 1 were tested as well; no association was found
[106, 206]. For alcoholism, there are several studies reporting no association [138,
211, 212], and only one positive finding [213]. Case–control and family-based stud-
ies of opioid dependence include one case–control study of 396 German probands
showing no association [214] and several studies reporting association between long
repeats of the 48 bp VNTR and –521 C/T and opioid dependence [215–217]. The
relationship between novelty seeking and the DRD4 gene has received considerable
publicity, and there is an interesting meta-analysis of the association between 48 bp
VNTR and –521 C/T polymorphisms with approach-related personality traits [218].
No overall effect was found for the 48 bp VNTR, but –521 C/T was shown to be
significantly associated with traits such as novelty seeking and impulsivity.

19.3.5 D5 Receptors

The dopamine D5 receptor (DRD5) has not been investigated as much as some of
the other subtypes discussed above. The DRD5 gene is located on chromosome
4p16.1 and contains only one exon with the coding region embedded (Fig. 19.6).
The gene is 2,031 bp long and encodes 477 amino acids. Not many polymorphisms
have been discovered in the DRD5 gene, but a dinucleotide repeat microsatellite
polymorphism (CT/GT/GA)n, located 18.5 kb from the 5′ end of the gene is highly
polymorphic with at least 12 possible alleles [219]. In particular, the 148 bp allele
has been extensively studied in relation to neuropsychiatric disease (Table 19.7).
Within the 5′ UTR, a (TC)n dinucleotide repeat located within the promoter region
has also been studied in schizophrenia and bipolar disorder [220]. However, there
is no evidence that this repeat affects transcription activity or function. In addition,
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Fig. 19.6 Dopamine D5 receptor: Schematic representation of polymorphisms (not to scale).
Coding regions of exons are marked by black blocks, and the 5′ and 3′- UTR are represented
by white blocks. The first base of the ATG start codon is denoted as +1 and the location of other
polymorphisms are given relative to the start codon. Introns are represented as a straight line con-
necting the exons. Restriction enzymes, alteration of amino acids, and other distinct descriptions
are given where applicable. (Modified from Kim et al. [42])

Sobell et al. described nine different SNPs in the coding region, including five mis-
sense and four silent mutations [221]. Of the five missense mutations, Ala269Val
in the third extracellular loop, Pro330Gln in the third cytoplasmic loop, Asn351Asp
in the seventh transmembrane domain, and Ser453Cys in the C-terminus result in
protein sequence changes and may have important functional consequences. A non-
sense mutation Cys335 results in a truncated protein. Moreover, two polymorphisms
(+1,481 C/T and +1,491 G/C) present in the 3′ end have been investigated [220].
Interestingly, one recently discovered novel SNP, D4S615, located far from the
coding region, may be involved in schizophrenia [222].

As mentioned before, the most common allele of the microsatellite polymor-
phism is the 148 bp allele and a number of different studies have examined
association with schizophrenia, bipolar disorder, ADHD, and substance abuse. As
with other genetic association studies of dopamine receptor genes, contradictory
results have been reported with both case–control and family-based studies. No
association with ADHD was observed in some studies [159, 172, 223, 224], while
others have demonstrated association [225–227]. A meta-analysis of European
subjects revealed increased risk effect for ADHD with the 148 bp allele vs. a
protective effect of the 136 bp allele [181]. This was further supported by another
meta-analysis which also demonstrated a significant association between the 148 bp
allele and ADHD [186].

No association with the 148 bp allele and schizophrenia was seen in two
different pedigrees [228] and in a case–control Caucasian study [224], whereas
a positive finding was reported in a larger Scottish sample (n = 428) [222].
Sobell et al. also noted non-significant case–control results with schizophrenia
for polymorphisms in the coding region [221], suggesting that the resulting
changes in protein sequence do not affect susceptibility to schizophrenia. A lack
of association and no difference in allele frequencies with both schizophrenia and
bipolar disorder were found in a family linkage study [220]. To further support
this notion, no association was seen in a family-based and a case–control study on
the (CT/GT/GA)n dinucleotide repeat with bipolar disorder [103, 222]. In addi-
tion, the D4S615 microsatellite polymorphism has been shown to be associated with
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schizophrenia in two separate studies, suggesting that the downstream region of
DRD5 may link to molecular mechanisms involved in schizophrenia [222, 224].
A possible interpretation of these results given by the group was that the D4S615
polymorphisms show independent linkage disequilibrium with an allele at 4p16 that
increases susceptibility to schizophrenia [222]. Further evidence is required to con-
firm this hypothesis and the task of unraveling this putative mechanism remains a
challenge.

19.4 Conclusion

The relationship between dopamine receptor polymorphisms and neuropsychi-
atric diseases has been studied extensively, but inconsistent results have emerged.
Although there are some replicated associations between specific polymorphisms
and some disorders, these examples are tempered by non-significant results from
other studies. Overall, the associations between (1) alcoholism and the DRD2 Taq I
A polymorphism, and (2) DRD4 variation, ADHD, and related traits of impulsivity
and novelty seeking have the strongest support. A number of confounding factors
may account for these inconsistencies. Case–control studies are susceptible to false
associations due to population stratification, with some SNP frequencies varying
considerably among different ethnic groups. Family-based association tests avoid
this problem, but at the cost of smaller sample sizes due to the difficulty of recruiting
multiple family members in addition to the proband [229]. In addition, neuropsy-
chiatric diseases are both genetically and biologically complex. Polygenic disease
models involve many susceptibility and protective genes that may interact, mean-
ing that each candidate gene may exert only a small effect, may interact with other
genetic variants, or may be operating only in some cases or families. As a result,
single studies are often underpowered to detect these small signals amidst consid-
erable noise. In this sense, haplotype analysis can be helpful, but the analysis of
concurrent or combinatorial variation in many genes and SNPs remains a challenge,
especially as whole-genome association data from large collaborative samples begin
to emerge.

The genetic study of neuropsychiatric disease is complicated further by the lack
of defining pathological signatures to establish diagnosis. This leads to problems
of etiological heterogeneity, ascertainment bias, and phenocopies that no amount
of analytical refinement can address. While genetic studies of complex diseases
such as cancer, autoimmune disorders, cardiovascular, and metabolic disease are
also affected by the complexity of polygenetic interactions, at least diagnosis can
be established with objective biochemical or pathological markers. Perhaps the
most difficult confounding factor is the multidetermined nature of behavior and the
related issue of non-deterministic relationships between brain structure and func-
tion. With our current and limited understanding of the emergent properties of
neuron, network, and circuit assemblies in the brain, it may not be possible to detect
simple relationships between DNA variation and the higher level psychological
functions involved in neuropsychiatric disease.
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In conclusion, the source of inconsistency in individual genetic association and
linkage studies cannot be easily explained, though variations in ethnic grouping,
phenotype assignment, sampling bias, and etiological heterogeneity are certainly
not helpful. Addressing these confounds will be a major challenge for the genetic
analysis of any complex disease in the future [77]. Improved genetic analysis meth-
ods that incorporate information on gene–gene interactions will be useful, but
gene–environment interactions and epigenetic mechanisms are also likely to be
important, and a way of integrating data on all of these components is needed. In this
review, we focused on genetic association studies of dopamine receptor polymor-
phisms and major neuropsychiatric disorders, but did not seek to cover all normal
and disease phenotypes that have been investigated. These other disorders include
Parkinson’s disease, Tourette syndrome, Huntington’s chorea, Alzheimer’s disease,
and novelty seeking, for example. Furthermore, dopamine receptor gene variation
has also been associated with differences in the efficacy and side effects of dopamin-
ergic drugs [1]. Studies have demonstrated the association between DRD2 –241A/G
polymorphism and risperidone response in schizophrenic patients [230], whereas
the Taq I A allele has been reported to increase risk for hyperprolactinemia-related
side effects with nemonapride [231]. In addition, one of the most important side
effects in the long-term treatment of schizophrenia with typical antipsychotics is
tardive dyskinesia (TD). Different dopamine receptor variants have been investi-
gated, with DRD3 being the most extensively studied in relation to the risk of TD.
A strong association was first reported with the Ser9Gly variant [232] and confirmed
by a recent meta-analysis [233], although some studies do not support the original
finding [234, 235]. However, the pharmacogenetics of dopamine receptor genes is
itself a large area and beyond the scope of this review.
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