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Dopamine mediates its biological actions via at least five distinct G protein-
coupled receptors. Recently, significant progress has been made in the un-
derstanding of the molecular and cellular consequences of activation of the
different dopamine receptors. Not only their anatomical localization has
been revisited, what implicates new insights into well known D�/D� receptor
synergism, but also evidence has been provided that dopamine receptors can
physically interact with each other as well as with other neurotransmitter re-
ceptors. Dopamine receptors are subject to phosphorylation by G protein-
coupled receptor kinases, the specificity of which has started to be revealed.
Some progress has been made in elucidating the functional significance of
polymorphisms observed in genes encoding dopamine receptor. All these
new findings need to be appreciated by the psychopharmacologists in order
to better understand the behavioral consequences of activation of dopamine
receptors.

Key words: Dopamine receptors, D�/D� synergism, receptor dimeriza-
tion, dopamine receptor kinases, dopamine receptor gene polymorphism
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Introduction

Dopamine is a major catecholamine in the brain
and it is thought to play a role in such a diverse ar-
ray of processes as motor control, neuroendocrine
and cardiovascular regulation as well as in regula-
tion of cognition, emotion and reward.

Dysregulation of dopaminergic transmission
has been regarded as a cause of several serious
pathological conditions, such as Parkinson’s dis-
ease [44], schizophrenia [52] as well as depression
[16], Tourette’s syndrome [102], and drug addic-
tion [45].

Dopamine receptor antagonists have been de-
veloped to treat hallucinations and delusions that
occur in schizophrenic patients [3], whereas dopa-
mine agonists are effective in the treatment of hy-
pokinesia in Parkinson’s disease [19]. Similarly,
pharmacological intervention at the level of dopa-
mine receptors has been suggested to be useful in
the treatment of cocaine addiction [10, 91]. How-
ever, the therapies of disorders resulting from dopa-
mine imbalance are associated with severe side ef-
fects, and are not fully effective [20].

In rodents, the elevated dopamine levels in the
major dopaminergic regions are manifested behavio-
rally as locomotor hyperactivity, and can be rela-
tively easily demonstrated in experimental animals
chronically treated with psychostimulants [60], but
the role of specific components of direct dopamine
receptor regulatory mechanisms remains unknown.
Many elements determine the physiological effects
following activation of dopamine receptors. The
present paper describes some of relatively new
findings concerning these important determinants,
i.e. the dopamine receptors themselves and poten-
tial sites of their regulation.

Dopaminergic pathways

Dopamine neural pathways originate in the hy-
pothalamus and midbrain structures. Dopaminergic
pathways which originate in the arcuate nucleus of
the hypothalamus project to the intermediate lobe
of the pituitary where they control the release of
pro-opiomelanocortin-derived peptides by acting
on D� receptors located on melanotrophs [13]. Do-
pamine released into the hypophyseal portal circu-
lation ultimately controls the production and re-
lease of lactotroph-derived prolactin [7].

The nigrostriatal pathway projects from the
midbrain substantia nigra pars compacta to inner-

vate the dorsal striatum. The basal ganglia connec-
tions have been excellently reviewed by Gerfen
[30]. It is widely accepted that dysregulation of the-
se pathways underlies the symptoms of Parkinson’s
disease [9].

The mesolimbic pathway arises in the midbrain
ventral tegmental area and innervates the ventral
striatum (nucleus accumbens and olfactory tuber-
cle) and parts of the limbic system (septum, amyg-
daloid complex and pyriform cortex). This pathway
is believed to be important for motivated behaviors
including activity related to reward and in particu-
lar some of the positive reinforcing properties of
commonly abused drugs, such as alcohol, cocaine,
amphetamines and opiates. The mesocortical dopa-
minergic pathway also originates in the midbrain
ventral tegmental area and projects to the frontal,
cingulate, and entorhinal cortices. These areas are
involved in emotional, motivational and cognitive
functions, such as certain aspects of learning and
memory [12, 67]. It is now widely accepted that the
mesocorticolimbic dopamine system plays a key
role in mediating acute rewarding effect of drugs of
abuse. Because of its ubiquitous involvement in the
regulation of reward-related behavior, this system
has been characterized as a neurochemical sub-
strate of reward.

Dopamine receptors

To elicit its effects, dopamine binds to specific
receptors on the surface of target cells. Until 1990,
dopamine receptors were classified into just two
types [106], the dichotomy being based upon the
discovery by Kebabian et al. [56] of a stimulatory
effect of dopamine on striatal adenylyl cyclase ac-
tivity. Those dopamine receptors which stimulated
adenylyl cyclase activity, leading to an increased
rate of formation of cAMP, were referred to as D�
receptors, while D� receptors were those which
either had an inhibitory action on adenylyl cyclase,
leading to reduced cAMP formation, or were neu-
tral towards adenylyl cyclase and, thus, did not ex-
ert any effects on cAMP levels. It was also pro-
posed that D� receptors might be linked to potas-
sium channel activity, to the mobilization of
calcium, or to inhibition of turnover of phosphati-
dyl inositol [112]; they were also involved in sup-
pressing the release of prolactin from the pituitary.

In 1990, a third receptor type, D�, was isolated
[105]. The D� receptor, which was localized pri-
marily, though not exclusively, in the limbic struc-
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tures, was reported to be similar to D� receptor in

its amino acid sequence, but failed to couple to

adenylyl cyclase. It soon became clear that some

ligands which had hitherto been regarded as spe-

cific D� receptor agonists, were, in fact, highly spe-

cific for D� receptors, raising the possibility that

what had been interpreted in the early studies as ef-

fects involving D� receptors might actually have in-

volved D� receptors. Subsequently, the series of do-

pamine receptors was extended further. A D� recep-

tor was identified which, like the D� receptor,

possessed structural and pharmacological similari-

ties with the D� receptor. The D! receptor was, like-

wise, similar to the D� receptor. The D! receptor

gene has a more restricted pattern of expression

when compared to D� receptor. Its expression has

been detected in the hippocampus, lateral mam-

milary nucleus, and in the parafascicular nucleus of

the thalamus [51]. So, until now five subtypes of

dopamine receptors have been cloned and by 1993

it was generally accepted that they could be re-

garded as falling into two major groups [12], re-

ferred to as D1-like (D� and D!) and D2-like (D�,

D� and D�) receptors.
The situation was recognized as actually being

more complex than this classification system

would suggest. In the first place, human and rat

forms of the various dopamine receptors were

known not to be structurally identical [38, 123],

and secondly, two variants of the D� were known to

exist, a short form (D��) and a long form (D��), the

latter containing an additional 29-amino acid inser-

tion. Although the D�� and D�� variants are usually

grouped together simply as D� receptors, they, nev-

ertheless, differ in terms of their transduction

mechanisms, affinities for certain drugs, distribu-

tion in cerebral tissues [34] and response to inter-

ruption of dopaminergic transmission [75]. More

recently, D�� and D�� variants have been shown to

represent autoreceptors and postsynaptic receptors,

respectively [111], which is in line with earlier ana-

tomical studies [57]. Also alternative splicing variants

of the pro-mRNA produces several short transcripts

for the D� receptor gene, resulting from the pres-

ence of introns in the gene which interrupt the cod-

ing sequence [33, 103]. Schwartz et al. [98] sug-

gested that if such variants of the D� receptor were

physiologically inactive, their overproduction, as

a result of a defect in the regulation of alternative

splicing, might effectively reduce the availability

of active D� receptors in some psychiatric condi-
tions.

The human D� receptor gene contains four ex-
ons [113] and this genomic organization is con-
served within the mouse and rat homologues. The
human dopamine D� receptor gene contains a num-
ber of polymorphisms in its coding sequence. The
most extensive polymorphism is found in the third
exon of the gene in a region that encodes the puta-
tive third cytoplasmic loop of the receptor [114].
This polymorphism consists of a variable number
of tandem repeats (VNTR) in which 48 bp se-
quence exists as a 2- to 10-fold repeat (often indi-
cated as D�"� to D�"�# receptors). Several of the re-
peat units vary in sequence from each other. To
date, 18 different repeat units have been recog-
nized; at least 27 different haplotypes have been
found for this polymorphism, encoding 20 different
protein variants of the receptor [54]. At a global
level the dopamine D�"� receptor variant occurs
most frequently in about 64%, followed by the do-
pamine D�"$ receptor in about 20% of world
population [8]. Dopamine D� receptor is expressed
in various brain areas, albeit at relatively low levels
compared to dopamine D� receptor levels found in
the striatum [77]. Expression of dopamine D� re-
ceptor is most abundant in the retina, cerebral cor-
tex, amygdala, hypothalamus and pituitary, but
sparse in basal ganglia. While it is difficult to make
accurate comparisons, it appears that dopamine D�
mRNA levels in the prefrontal cortex are compara-
ble to the levels of dopamine D� and D� mRNA
[78].

Of the five cloned dopamine receptors, D� and
D� receptors are the most highly expressed in the
adult striatum. In the adult brain, the D� receptor is
expressed at a higher level than any other dopa-
mine receptor. In addition to its widespread expres-
sion in both the ventral and dorsal striatum, it is
also detectable in the limbic system, hypothalamus
and thalamus. D� receptor mRNA is not present in
the substantia nigra, entopeduncular nucleus,
globus pallidus. The lack of D� mRNA in these
brain regions, together with the presence of numer-
ous binding sites, suggests that D� receptor is pres-
ent only on axonal processes associated with
D�-positive striatal projection neurons. In situ
hybridization studies suggested that D� receptors
are preferentially expressed on substance P (SP)
and dynorphin-positive striatal neurons which proj-
ect directly to the substantia nigra/entopeduncular
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complex (SNr/EP; the direct pathway), whereas

enkephalin-positive D� dopamine receptor neurons

project to SNr/EP via the external segment of the

globus pallidus and the subthalamic nucleus (the

indirect pathway) [30].
The validity of this dual pathway model has

been challenged by recent studies reporting a sub-

stantial degree of D� and D� co-localization on stri-

atal projecting neurons [2, 107]. The situation is

further complicated by the detection of significant

levels of D�, D� and D! receptor mRNA in neostri-

atal medium spiny projection neurons [108]. As

demonstrated by patch-clamp studies in acutely

dissociated striatal cultures [108], about one half of

all medium spiny neurons co-express functional D�
and D� class of receptors. The extent of D� and D�

receptor co-localization appears to correlate with

the neuropeptide profile of individual neurons, with

low level co-localization (15–20%) in enkephalin

or SP single positive cells as compared to 70% co-

localization in the smaller enkephalin/SP double-

positive population.
Also, extensive co-expression of dopamine D�

and D� receptor mRNAs has been found in neurons

of the island of Calleja major and ventromedial

shell of the nucleus accumbens in the rat [92].

Given the difference in sensitivity of these recep-

tors for dopamine, the authors suggest that both re-

ceptor subtypes operate simultaneously. The inter-

actions of D� and D� receptor-mediated signaling

events may serve to increase the dopamine threshold

of the target cells in the islands of Calleja and to

maintain a strong tonic activity of neurons in shell

region of the nucleus accumbens [92].
It is generally believed that each class of dopa-

mine receptors mediates different effects by virtue

of its intrinsic pharmacological binding properties

for dopamine, downstream of second messenger

systems and its specific location within the nervous

system. However, the assignment of various

physiological or behavioral functions to the activa-

tion or blockade of specific dopamine receptor sub-

types using pharmacological approaches has been

unclear because of the lack of ligands with selectiv-

ity within the D� and D� subfamilies [50]. Using

highly selective genetic approaches to alter the ex-

pression of individual receptor subtypes provided

some means to reveal important information. The

results of these studies have been extensively re-

viewed quite recently [17, 101].

Various approaches have been used to map the
binding site of dopamine receptors, including
cysteine-scanning mutagenesis, site-directed muta-
genesis and receptor chimeras [99]. The binding
pocket of dopamine receptors, common to all neu-
rotransmitter G protein-coupled receptors, lies within
the transmembrane helix domain [76].

Signal transduction

Dopamine receptors belong to a group of G pro-
tein-coupled receptors (GPCRs), which regulate
second-messenger systems by interacting with het-
erotrimeric G proteins [81]. These receptors share
similar primary amino acid sequences, a common
seven-transmembrane-spanning domain structure,
and the ability to modulate intracellular metabo-
lism through the activation of GTP-binding pro-
teins (G proteins) [40]. Each receptor subtype can
couple to and activate only certain G protein types,
leading to distinct downstream signals. G proteins
consist of three associated protein subunits, called
�, � and � [40]. G proteins are classified based on
their �-subunits, and there are 15 known �-subunits
that have been categorized into four subfamilies
(G�, G�, G' and G��) based on sequence and func-
tional similarities. There are also five � and four-
teen � proteins. The �-subunits contain the guanine
nucleotide binding site, whereas � and � form a tightly
associated ��-complex. When inactive, the �-sub-
unit is bound to GDP and to ��-complex to form
a trimeric protein complex. Agonist binding to the
cell surface GPCRs activates the receptor, which
then serves to both facilitate GDP release from and
stimulate GTP binding to the �-subunit of coupled
G proteins; that is, receptors are guanine nucleotide
exchange factors for heterotrimeric G proteins.
This GTP binding activates the �-subunit, leading
to its dissociation from the ��-complex. Both
�-GTP and �� can then bind to and activate intra-
cellular effectors, such as second messenger-
generating enzymes as well as specific ion chan-
nels. General view is as follow: the activated G��
proteins stimulate adenylyl cyclase, activated G��
proteins inhibit adenylyl cyclase, activated G�'
proteins turn on phospholipase C-�, and activated
G��� proteins stimulate guanine nucleotide ex-
change with the small GTP-binding protein Rho.
The freed ��-subunits can activate or inhibit vari-
ous adenylyl cyclases and activated phospholipase
C-� and inward rectifying potassium channels
(GIRK), among other effectors [40]. Upon GTP hy-

662 ���� �� ����������� ����� ��� �������

M. Dziedzicka-Wasylewska



drolysis, the GDP-bound �-subunit and the ��-
subunits reassociate into the inactive G protein and

cease activating the effector enzymes. GTP hy-

drolysis may occur through the intrinsic GTPase

activity of the �-subunit or may be enhanced by the

activation of specific GTPase-activating proteins

belonging to the regulators of G protein signaling

(RGS) [82] or by effectors themselves. Receptors

vary in their specificity for activating or coupling

to distinct G protein types, and, thus, activating

downstream signaling pathways.
The existence of a D� receptor-stimulated

adenylyl cyclase was recognized in most dopamin-

ergic brain regions, such as striatum, nucleus ac-

cumbens, olfactory tubercle, as well as in a variety

of cell culture lines. Upon the cloning of the second

D1-like receptor, the D! was also found to be cou-

pled to stimulation of adenylyl cyclase. The D! re-

ceptor appears to exhibit an increased agonist-

independent activity when compared with the D�
receptor in HEK 293 cells [109], what rises the

question of whether this is a naturally occurring

constitutively active receptor and whether this fea-

ture is of relevance to its physiological role. It is

generally assumed that the activation of adenylyl

cyclase by D1-like receptors is mediated by G��
subunit of G proteins. However, it has been shown

that G����, which also stimulates adenylyl cyclase,

is expressed in caudate, nucleus accumbens, and

olfactory tubercle and is more abundant in these

tissues than G�� [42]. This suggests that the D� re-

ceptor in particular, which is highly expressed in

these brain areas, may couple to adenylyl cyclase

by different mechanisms. The D� receptor subtype,

unlike the D! receptor subtype, preferentially cou-

ples to G-protein heterotrimers that contain �7

subunits [117], and the D! receptor exhibits tenfold

higher affinity for dopamine than does the D�
receptor [81].

Cloning the D� receptor confirmed the previous

observations that this receptor inhibits adenylyl cy-

clase, both in the central nervous system and in the

pituitary. Also the D� receptor has been shown to

be coupled to inhibition of adenylyl cyclase, at

least in some cell lines. The inhibition of adenylyl

cyclase by the D� receptor was reported in retina

and a variety of cell lines. Thus, inhibition of this

enzyme seems to be a general property of the D2-

like receptors [81].
Dopamine receptors have been shown to modu-

late intracellular calcium levels by a variety of

mechanisms. One mechanism is via the stimulation
of phosphatidylinositol (PI) hydrolysis by phos-
pholipase C (PLC), resulting in a production of
inositol 1,4,5-triphosphate, which mobilizes intra-
cellular calcium stores. Although there have been
conflicting reports as to whether D1-like receptors
are capable of stimulating PI hydrolysis, in vitro
studies have shown that coupling to PLC may be
a real mechanism of D1-like receptor signaling, at
least in some cases. The same is true for D� recep-
tor which – in some transfected cell systems – has
been shown to produce an increase in intracellular
calcium via stimulation of PI hydrolysis. On the
other hand, D� receptors have also been shown not
to couple to this second messenger system, or else
– as in the pituitary – to inhibit PI metabolism [81].
Neither D� nor D� receptors increase PI hydrolysis
in any cell line tested.

D2-like receptors can cause a decrease in intra-
cellular calcium levels by inhibition of inward cal-
cium currents by either activation of potassium cur-
rents leading to an alterations in membrane poten-
tial or by activation of G proteins that directly
inhibit some calcium channels [84].

The coupling of G proteins to the receptors has
been shown to elevate their affinity for agonists
[89] by increasing the life-time of receptor-agonist
complex. This suggests that G proteins not only
play a key role in relaying signals from receptor to
intracellular cascades but also are involved in
a feed-back regulation of the affinity state of G-pro-
tein-coupled receptors for agonists.

Recently, evidence has accumulated supporting
the idea that G protein-coupled receptors can inter-
act with other intracellular partners [39]. The iden-
tification of a group of dopamine receptor-inter-
acting proteins (DRIPs) suggests that the intracel-
lular activity of individual receptor subtypes is
regulated by the concerted actions of a cohort of
cytoskeletal, adaptor and signaling proteins [61].
One of these proteins, calcyon, was shown to con-
fer on dopamine D� receptor the ability to stimulate
intracellular calcium release by potentiating a cross-
talk between this G�-coupled receptor and hetero-
logous G'(��-coupled receptors [6, 69].

D
�
/D

�
synergism

Since it has been shown by Gershanik et al.
[31], it became widely recognized that concomitant
stimulation of D� and D� receptors is required un-
der normal conditions for many actions of dopa-
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mine. Such phenomenon is often referred to as the

requisite D�/D� synergism [64]. This type of recep-

tor interaction represents an extreme form of syner-

gism, the pharmacological principle whereby the

effect of two combined drugs exceeds the algebraic

sum of their separate effects. In this extreme form,

not only do two drugs (e.g. D� and D� agonist) po-

tentiate each other’s effect but each is ineffective in

the absence of the other.
Requisite (obligatory, qualitative or enabling)

synergism is evident in the control of motor behav-

ior. For example, the akinesia that results from

acute dopamine depletion induced by reserpine can

be reversed by combined but not separate, admini-

stration of a selective D� and selective D� agonist.

Furthermore, the locomotion and motor stereotypy

elicited by nonselective dopamine agonists apo-

morphine and amphetamine can be blocked by

either a selective D� or a selective D� antagonist

[68, 74]. When selective D� or D� agonists are ad-

ministered, motor stereotypy is observed only fol-

lowing combined D�/D� stimulation [118]. How-

ever, care must be taken to control for the influence

of endogenous dopamine, which can act at D� or D�

receptors. Basal levels of endogenous dopamine

provide sufficient D� tone to synergize with an ex-

ogenous D� agonist. Consequently, administration

of a D� agonist alone does not elicit motor stereo-

typy, whereas administration of a D� agonist alone

does.
While studying the role of dopamine receptors

in the nucleus accumbens in mediating reward, Ike-

moto et al. have shown that concurrent activation

of D� and D� receptors in this brain region had

a cooperative effect on dopamine-mediated reward

processes [46]. The authors concluded that both

agonists need to be given to maintain reliable self-

infusions because the endogenous extracellular

levels of dopamine may be too low at key synapses

to activate a sufficient number of D� receptors to

enable D� receptors when only the D� agonist is

available. Furthermore, while considering these

phenomena, one should be aware that intra-ac-

cumbens infusion of D� receptor agonist is likely to

reduce endogenous dopamine release by stimulat-

ing presynaptic D� receptors [47].
The synergistic interaction of D� and D� recep-

tors in the expression of motor behavior and reward

is paralleled by electrophysiological studies on the

basal ganglia [87, 116]. Requisite D�/D� synergism

is also manifested in the dopamine-stimulated ex-

pression of immediate-early gene c-fos in striatal
neurons. Combined, but not separate, administra-
tion of a selective D� and a selective D� agonist re-
veals clusters of neurons that are strongly immuno-
reactive for anti-Fos antibodies, the protein product
of the c-fos [63].

Although requisite D�/D� synergism is opera-
tive over a wide array of dopamine functions in
normal animals, some exceptions to this rule exist.
Some D� autoreceptor-mediated functions, such as
D� inhibition of nigrostriatal firing rate, appear to
be independent of D� activity [115]. In addition,
grooming behavior in rodents can be elicited by
a D� agonist in the absence of D� co-stimulation.

Following selective destruction of central dopa-
minergic neurons with the neurotoxin, 6-hydroxy-
dopamine (6-OHDA), or prolonged depletion of
monoamines with reserpine, dopamine receptors
exhibit a remarkable degree of plasticity [61]: there
is a proliferation of striatal D� receptors and ani-
mals become profoundly supersensitive to D� or D�

agonists. Accompanying the agonist supersensitiv-
ity is a complete breakdown of requisite D�/D� syn-
ergism. Functions that previously required con-
comitant D�/D� stimulation can be mediated by in-
dependent stimulation by either D� or D� receptors.
This holds true for stereotyped motor behavior, in-
hibition of striatal neuron firing, disinhibition of
pallidal neuron firing, and striatal c-fos expression.
For example, in contrast to neurologically intact
rats, following 6-OHDA lesion, hyperactivity and
motor stereotypy is observed in response to selec-
tive D� or D� agonists administered alone, and the
effects can be blocked by pretreatment with homo-
typic but not heterotypic antagonists [62].

Dimerization of dopamine receptors

The dimerization of membrane receptors (which
was first demonstrated for the tyrosine kinase re-
ceptor superfamily) can be essential for signal
transduction, since it involves enhancement of ago-
nist affinity [97]. It has now been widely recog-
nized that many GPCRs can form dimers and
higher order oligomers and that this phenomenon
has relevance to receptor function [1, 41, 66]. Evi-
dence has been provided for D�, D� and D� homo-
dimers in transfected cell lines [29, 83, 85], and D�
receptors have been shown to exist as dimers in hu-
man and rat brain tissues [121]. Scarselli et al. [96]
have shown that D� and D� receptors can interact
with each other to form a functional heterodimer
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that exhibits unique functional properties. The
authors suggest that the phenomenon of heterodi-
merization could explain some unexpected results
involving dopaminergic activities in animal mod-
els. The physical interactions of receptors are also
well documented in cells co-expressing adenosine
A� and dopamine D� receptor: agonist of A� recep-
tor inhibits the binding of dopamine analogues [32,
43]. On the other hand, adenosine A�� receptor
agonist decreases agonist binding to dopamine D�
receptors in the A��/D� heteromers [26, 94]. In the
studies by Rocheville et al. [93], it has been shown
that dopamine D� receptors can also form hetero-
dimers with the somatostatin SST! receptors.

Although there are no structural or functional
similarities between GPCRs and ligand-gated ion
channels, it has been shown that the second intra-
cellular loop of the GABA� receptor �2 subunit in-
teracts specifically with the C-terminal tail of dopa-
mine D! receptor [71]. When co-expresed in HEK293
cells, interactions between these receptors depend
on the presence of agonists for both receptors. In
the presence of GABA, the capacity of dopamine to
stimulate adenylyl cyclase is greatly reduced, how-
ever, without a reduction in the affinity for its re-
ceptor. On the other hand, dopamine reduces
GABA� receptor signaling by 30%. Recently, it has
been reported that NMDA receptors (another
ligand-gated ion channel) regulate D� receptor
function via a direct protein-protein contact inter-
action mediated by the carboxyl tail regions of both
receptors [25, 88]. In both co-transfected cells and
cultured hippocampal neurons, the activation of
NMDA receptors increased the number of D� re-
ceptors on the plasma membrane surface and en-
hanced D� receptor-mediated cAMP accumulation.

Gouldson et al. have proposed that the phe-
nomenon of so-called domain swapping is the
mechanism explaining receptor dimerization [36].
Although the functional relevance of many of these
interactions is only beginning to be understood,
current information indicates that these interactions
might determine receptor properties and provides
new insight into the understanding of the mecha-
nisms underlying the regulation of receptor func-
tion [79].

GPCR kinases and arrestins

The activated state of GPCRs serves not only as
an activator of G proteis, but also as the substrate
for protein phosphorylation by a family of protein

kinases called GPCR kinases (GRKs). GRKs can

discriminate between the inactive and agonist-

activated states of the receptor, in part because they

are catalytically activated by stimulated receptors

[90]. There are seven known GRK subtypes, which

are classified into three subfamilies (GRK 1/7 –

primarily visual, GRK 2/3 and GRK 4/5/6 – of

which GRK 4 is expressed primarily in testes)

based on sequence and functional similarity [119].
Once phosphorylated by GRK, the activated re-

ceptor is bound by a member of another protein

family, the arrestins. Arrestins recognize both GRK

phosphorylation sites on the receptor and the active

conformation of the receptor, so that both together

drive robust arrestin association [73]. Arrestins in-

terdict further G protein activation despite the con-

tinued activation of the receptor by agonist by pre-

venting the receptor from exchanging GTP for

GDP on the G protein �-subunit. In addition to this

role as a receptor desensitization mechanism, the

GRK-arrestin system also serves to promote the in-

ternalization of inactivated receptors and the subse-

quent recycling of resensitized receptors back to

the cell surface [24]. GRKs promote receptor inter-

nalization primarily by virtue of helping recruit ar-

restins to the activated receptors. The arrestins

themselves bind to the clathrin, which facilitates

the entry of desensitized receptors to clathrin-

coated pits for subsequent internalization [23, 122].
An important and specific role of GRKs and ar-

restins in regulating physiological responsiveness

to psychostimulants (and other drugs of abuse) sug-

gests potential involvement of these molecules in

certain brain disorders, such as addiction, Parkin-

son’s disease, mood disorders and schizophrenia.

For example, recently, it has been observed that the

neuronal calcium sensor-1 (NCS-1) can mediate

desensitization of dopamine D� receptor via inter-

action with GRK 2 [55]. NCS-1 was also found to

be elevated in the dorsolateral prefrontal cortex in

schizophrenic and bipolar patients, which suggests

that abnormalities in NCS-1-dependent desensiti-

zation of dopamine receptor signaling may contrib-

ute to these disorders [59].
In in vitro cellular systems, the over-expressed

GRK 2 or GRK 3 was shown to enhance phospho-

rylation and regulation of dopamine D�, D� and D�

receptors [48, 49, 55, 58, 65, 110]. It can be ex-

pected that this regulation can occur in vivo as well.

Interestingly (in the context of the role of dopamine

in bipolar disorders), in a genome-wide linkage
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survey, the region of chromosome 22q12 contain-
ing the GRK3 gene was identified as a susceptibil-
ity locus for bipolar disorder in humans [5].

Of all GRKs, the most important for regulation
of dopamine receptors is GRK 6. Its mRNA is pre-
dominant in the caudate putamen [22], and it is also
expressed in the dopaminergic cell body areas [21].
Immunohistochemical investigation has shown
a high expression of GRK 6 protein in the GABA-
ergic medium spiny neurons as well as large cho-
linergic interneurons in the mouse striatum [27].
These neurons represent the major striatal cell
groups receiving dopaminergic input and are be-
lieved to be critically involved in addiction, schizo-
phrenia, and Huntington’s disease.

Like all other GRK mutants available, mice
lacking GRK 6 under basal conditions do not show
any obvious behavioral phenotype. However, un-
like other GRK mutants, they are supersensitive to
the locomotor-stimulating effects of psychostimu-
lants [27]. In biochemical experiments, these mice
demonstrated an enhanced coupling of striatal do-
pamine D2-like receptors to G proteins and in-
creased affinity for D� but not D� receptors. The
augmented locomotor responses to direct dopamine
agonists were observed both in intact and in
dopamine-depleted animals [27]. Therefore, it has
been concluded that postsynaptic D2-like dopa-
mine receptors are physiological targets for GRK 6.
Since a 50% reduction in GRK 6 levels in heterozy-
gous animals produces a phenotype nearly identical
to the complete knockout gene, it is tempting to
speculate that even subtle allelic variations in the
human GRK 6 gene (or drug-induced alterations in
GRK 6 expression or activity) might contribute to
individual sensitivity to drugs of abuse affecting
dopamine function. On the other hand, supersensi-
tivity to dopamine agonist stimulation in the ab-
sence or reduction of GRK 6 suggests that a phar-
macological intervention in the GRK 6 expression
may be beneficial under conditions in which dopa-
minergic signaling is limited, such as in Parkin-
son’s disease [28].

Dopamine receptor genes polymorphisms

Recently, it has been widely recognized that
polymorphisms in dopamine receptor genes have
the potential to affect susceptibility to disease, or to
effect individual patients’ response to therapeutic
agent.

The dopamine D� receptor gene is located on

chromosome 5q35.1 and is composed of two exons

separated by a small intron in the 5’ untranslated re-

gion [124]. None of the mutations are associated

with a functional amino acid change [70], nor the

polymorphisms in the 5’-regulatory region of the

human dopamine D� receptor gene were shown to

have important influence on transcriptional activity

[11].
The human dopamine D� receptor gene, located

on chromosome 11q22–23, consists of 8 exons

separated by 7 introns [37]. Several polymorphisms

were identified, three of which are Taq I restriction

fragment length polymorphisms. Three polymor-

phisms result in amino acid substitutions: Val)&Ala,

Pro��#Ser and Ser���Cys [53]. Val)&Ala is very rare

but incidence of other variants has been found to be

significant in some populations. These variants have

been examined for their ability to bind ligands and

couple to signaling systems [14, 15]. Inhibition of

adenylyl cyclase by dopamine is impaired for these

variants, and this is not a result of altered binding

of dopamine to the receptor. These mutations are in

the third intracellular loop of the receptor that is

important for coupling to the G proteins. The promoter

region of dopamine D� receptor has been se-

quenced [80], and – besides other important tran-

scription factor binding sites – it has been demon-

strated to contain a functional retinoic acid re-

sponse element (RARE) DNA motif sequence [95].

Goodman [35] has suggested a close causal rela-

tionship between retinoids and the underlying pa-

thophysiological defects in schizophrenia – the bio-

chemical connection being realized via the retinoic

acid influence on the dopamine D� receptor gene

transcription. Goodman points to the importance of

possible polymorphism within the promoter se-

quence of dopamine D� receptor gene.
The dopamine D� receptor gene is located on

chromosome 3q13.3 and its coding sequence con-

sists of six exons. The complete transcript has three

shorter variants in which the second and/or third

exons are deleted. The 5’ flanking region of the rat

dopamine D� receptor has also been characterized

[18]. There are several polymorphisms, the func-

tional importance of which has not been examined

in many studies. Lundstrom and Turpin [72] have

reported that the homozygote Ser)Gly dopamine D�
receptor variant has a higher affinity for dopamine

than the heterozygote or the wildtype receptor.
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The dopamine D� receptor gene is located on
chromosome 11p15.5 and contains a number of
polymorphic regions [86], as described above. How-
ever, there does not seem to be a simple relation-
ship between the length of the third cytoplasmic
loop polymorphism and pharmacological or func-
tional activity [4].

The dopamine D! receptor gene, located on
chromosome 4q151-p15.3, contains a highly poly-
morphic dinucleotide repeat region [100]. The mi-
crosatellite (CT/GT/GA)n has 12 possible alleles.
Sobell et al. [104] identified nine mutations, five of
which result in protein sequence change.

These polymorphisms – affecting the structure
or function of the receptor, or those that are merely
genetic markers – are well described [120]. How-
ever, numerous genetic linkage analysis studies
have failed so far to reveal unequivocal evidence
for the involvement of these polymorphisms in the
etiology of various neuropsychiatric disorders.

Conclusion

The fundamental issue is that dopamine recep-
tors are only one component of the array of
neurotransmitter-receptor systems that influence
behavior in concert with each other. Similarly –
even if one takes into account the dopamine neuro-
transmission alone – dopamine receptors are only
one component of the array of other proteins:
DRIPs, G proteins, GRKs, arrestins. Only the
knowledge of all of these components and mutual
interactions within the system will help to gain use-
ful insights into dopamine receptor functioning, un-
der both physiological and pathological conditions.
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