The Dopamine D4 Receptor

Hubert H.M. Van Tol

INTRODUCTION

The observation that receptors which mediate their signals through
heterotrimeric guanosine triphosphate (GTP)-binding proteins (G-
proteins) share a considerable amount of sequence similarity has
resulted in the rapid molecular characterization of this receptor
superfamily. Moreover, it became clear that several receptor families
consisted of more receptor subtypes than originally anticipated from
pharmacological studies. The dopamine (DA) receptor family, which
was originally thought to comprise two receptor types (D1 and D2),
includes to date five different DA receptor genes (Bunzow et al. 1988;
Dearry et al. 1990; Sokoloff et al. 1990; Sunahara et al. 1990, 1991,
Tiberi et al. 1991; Van Tol et a. 1991; Zhou et al. 1990). The major
difference between the D1-like receptors D1 and D5/D1B liesin their
distribution, but pharmacologically and functionally these two
receptors are almost indistinguishable (Sunahara et al. 1991; Tiberi et
al. 1991). The D2-like receptor family includes two alternatively
spliced forms of the D2 receptor (Dal Toso et al. 1989; Giros et al.
1989; Grandy et al. 1989; Monsma et al. 1989), and the D3 (Sokol of f
et al. 1990) and D4 (Van Tol et al. 1991) receptors. Apart from clear
differences in distribution profiles, the D2-like receptors also display
pharmacological differences. The cloned D2 receptor is able to
inhibit adenylyl cyclase (Albert et al. 1990), and is also able to
activate several other signal transduction pathways (Elsholtz et al.
1991; Kanterman et al. 1991; Vallar et al. 1990). Moreover, the two
alternatively spliced forms of the D2 receptor are not identical in their
functional activity (Hayes et al. 1992; Montmayeur et al. 1993).

Because of the increased complexity of the DA receptor system, the
role of this system in self-rewarding behaviors has become potentially
more complex and might need a reevaluation of the roles played by
the individual receptor systems. The observation that D3, D4, and
D5/D1b receptors are relatively more concentrated in the limbic
system than the D1 and D2 receptors suggests arole for these newly
recognized receptors in the etiology of addiction. Thisisillustrated
by the observation that dopamine agonists with higher potencies for
D3 receptors seem to be relatively more effective in decreasing
cocaine self-administration in rats (Caine and Koob 1993).
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MOLECULAR CHARACTERIZATION OF THE D4 RECEPTOR

After theinitial cloning of the D1 and D2 receptors, it was speculated
that there were several other DA receptor types. These speculations
were based on several observations, particularly that dopamine
receptors from different tissues or brain areas displayed
pharmacological and functional profiles that were not in agreement
with the predominant D1 and D2 receptor types described for brain
tissue (Anderson et al. 1990; Nisoli et al. 1992; Sokoloff et al. 1984).

The search for novel DA receptor subtypes was based on the
presumed homology between these receptor subtypes with the D1 and
D2 receptors. The search was begun by scanning several tissues and
cell lines for the presence of ribonucleic acid (RNA) species that
would hybridize to a D2 receptor probe encoding the putative
transmembrane regions VI and VII under lower stringency conditions,
but not under high stringency conditions. Using this approach, D2
positive hybridizing RNA species (but not D2 itself) were identified in
mouse neuroblastoma NB41A3 and N4TG1, hamster kidney cells
BHK-21, and the human neuroepithelioma SK-N-MC. Inthe
subsequent screening of a cDNA library from the cell line SK-N-MC
the author succeeded in the isolation of a partial cDNA clone (750
bp) that displayed good homology with the D2 receptor and could
detect a 5.2 kb RNA speciesin the SK-N-MC cell line and rat brain
(Van Tol et al. 1991). Screening of several human and rat brain
cDNA libraries did not result in the isolation of full-length clones,
although several similar partial cONAs were isolated. However,
genomic clones from human and rat were isolated that encoded the
entire coding region for this putative receptor (Asghari et al. 1994;
O'Malley et al. 1992; Van Tol et al. 1991) (figure 1).
Pharmacological analysis established that the isolated clones were
indeed novel DA receptor subtypes (see below), which were called the
DA D4 receptor (Van Tol et al. 1991). Based on the homology with
the D2 and D3 receptors, the entire coding sequence for the D4
receptor was identified in a 4.5 kb genomic DNA fragment.

The coding sequence is interspersed by three introns for which the
donor/acceptor splice junction sites were conserved at identical
positions as seen for introns in the D2 and D3 receptors. Introns 2
and 3 were positively identified by comparative analyses of the
genomic clones with
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FIGURE 1.

Genomic organization of the human D4.2 and rat D4
receptor genes. The coding regions are represented
by the blocks and the noncoding regions by the
connecting line. The repeat units alpha and zeta are
indicated as two white boxes in the coding block. The
position of the polyadenylation site is indicated with
An and an arrow. An Alu sequence has been
recognized within the first intron of the human gene
that is not present within the rat gene. The dotted line
within the first intron of the rat gene indicates where
the Alu sequence isinserted in the human gene. Apart
from the 48 bp repeat unitsin the third exon, three
other polymorphic markers are indicated: (1) a
polymorphic Smal site located immediately upstream
from the initiation codon (Petronis et al. 1994a,
1994b), (2) an insertion/deletion polymorphism of 4
amino acids in the first exon (Catalano et al. 1993),
and (3) a polymorphic G Mononucleotide repeat
within the first intron (Petronis et al. 1994a, 1994b).
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the isolated partial D4 cDNA clones. The position of all three introns
was confirmed by exon trapping, a technique through which afull-
length D4 cDNA clone was also isolated (Van Tol et al. 1992).

Translation of the coding sequence into amino acid sequence reveal ed
that the isolated D4 receptor clones encode a polypeptide with seven
stretches of hydrophobic amino acids that could span the membrane.
These putative transmembrane spanning domains display the highest
amino acid sequence identity with the putative transmembrane regions
of the D2 and D3 receptors, especially transmembrane domains 3, 6,
and 7,which have 60percent to 80 percent sequence similarity to the
homologous domains in the D2 and D3 receptors. The overall
sequence similarity between the D4 and the D2 and D3 receptorsis
about 40percent. The sequence similarity isleast preserved in the
intra- and extracellular loops and tails, which supports the notion that
the transmembrane domains form the ligand-binding pocket, as has
been shown for adrenergic receptors. Thisis also supported by the
fact that an Asp residue in transmembrane 3 and two Ser residuesin
transmembraneb, which have been identified as crucial amino acids
for catecholamine binding in several catecholaminergic receptors, are
conserved in the D4 receptor (Strader et al. 1988, 1989). In analogy
to the models created for other G-protein-coupled receptors, the
amino terminus is located extracellularly and contains one putative N-
linked glycosylation site. The carboxy terminusendsin aCys, asis
seen for D2 and D3 receptors, and can serve as a potential substrate
for palmitoylation (O'Dowd et al. 1989). Within the third cytoplasmic
loop of the human D4 receptor there are only a limited number of
residues that potentially can be used for phosphorylation, in contrast
to the rat D4 receptor where there are several more such sites (Asghari
et al. 1994; O'Malley et al. 1992; Van Tol et al. 1991). An unusual
structural feature of the human D4 receptor is the presence of a
polymorphic 16 amino acid repeat sequence in the third cytoplasmic
loop, which is not found in the isolated rat gene (see below; figure 1).
The location of this repeat sequence corresponds to the location of the
alternatively spliced 29 amino acid sequence of the D2 receptor.

Through the cloning of several D4 genes and cDNAs it became clear that
aregion within the third cytoplasmic loop of the human D4 receptor was
polymorphic (Van Tol et al. 1992). Subsequent detailed analyses of this
region by Southern blot, polymerase chain reaction, and sequence
analysis demonstrated that the polymorphic sequence occurs as a 48 bp
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tandem repeat of 2 to 10 repeat units (figures 1 and 2). The different
polymorphic repeat variants of the D4 are classified according to the
number of repeats D4.2 to D4.10. Thus far 18 different repeat units have
been identified which display over 90 percent sequence similarity among
each other, and which have been identified by different Greek letters
(Lichter et al. 1993). Although the first and last repeat units are always
the so-called alpha and zeta units, respectively (there is one exception: an
allele has been identified in which the last unit codes for axi unit that is
identical in amino acid sequence to the zeta unit), the other units can be
found in any position between the alpha and zeta units. This has resulted
in the identification of 27 different allelesin over 200 analyzed chromo-
somes (Asghari et al. 1994; Lichter et al. 1993; Van Tol et al. 1992)
(figure 2).

In Northern blot analysis of cells transfected with the human D4 gene,
several D4 cDNA variants indicate that the repeat sequence is not
spliced out of the D4 gene, but is part of the coding sequence. Thisis
supported by the fact that there are no sequences in or surrounding
the repeat, which could be used as splice donor and acceptor sites.
Moreover, exon trapping failed to excise this sequence. Thus the 27
variant alleles would actually code for 20 different D4 receptor
variants. The putative amino acid sequence for the different repeat
regions demonstrate a high Pro content in this region (30 percent to
40 percent). Recently, such Pro-rich segments have been identified as
potential SH3-binding domains (Ren et al. 1993; Yu et al. 1994). On
the other hand, it might be postulated that the variation in the third
cytoplasmic loop sequence might have consequences for the
specificity and/or efficacy in signal transduction as seen for the two
alternatively spliced forms of the D2 receptor. Thusfar, thereis only
limited evidence to support this speculation (Asghari et al., in press).

PHARMACOLOGY

The most extensive pharmacological characterization of the D4
receptor has been done by transient expression of this receptor in
COS-7 cells. The pharmacological characterization of receptors
derived from the expression of the entire gene or cDNA in COS-7
does not show any differences, except for the fact that higher levels of
expression can be obtained with the cDNA than with the gene cloned
into identical expression vectors. Transient expression of the D4
receptor in COS-7
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cells resulted in the detection of concentration-dependent and
saturable [3H] spiperone binding with an affinity dissociation constant
of approxi-mately 100 picomolars (pM). The [3H]spiperone binding
could be competed with dopamine (inhibition constant (Ki)
approximately 27nano-molars (nM)), but less efficiently by
norepinephrine and serotonin (Ki>2micromolars (uUM). Dopamine
competition of [3H]spiperone binding revealed the presence of a high
affinity site with a dissociation constant of 500 to 1,000 pM and a low
affinity site of 10 to 50 nM. Inclusion of 200uM Gpp[NH]p in the
binding buffer resulted in the conversion of the biphasic dopamine
competition curves to a single affinity site of approximately 10 to 50
nM (Asghari et al. 1994; Van Tol et al. 1991, 1992). These binding
data suggest functional coupling of the D4 receptor in COS-7 cells.

Dopamine D4 receptor binding characteristics have been determined
for several D2 agonists and antagonists. Thisrevealed a D4
pharmacological profile that has several similarities with the D2
receptor; however, some remarkabl e differences have also been
detected (figure 3). Probably the most striking is the relatively high
affinity of the atypical neuroleptic clozapine for the D4 receptor (Ki
10 to 20 nM) as compared to the D2 receptor (Ki 100 to 200 nM),
and the poor affinity of the D2 antagonist raclopride for the D4
receptor (1 to 2 uM) (Asghari et al. 1994; Van Tol et al. 1991, 1992).
Furthermore, the D4 receptor demonstrates stereo-selectivity for (+)-
and (-)-butaclamol, several (+)- and (-) aporphines, (+)and (-) PHNO,
(+) and (-) quinpirole, but not for (+) and (-)-sulpiride (Seeman and
Van Tol 1993).

Thus far, no compound has been reported that is selective for the D4
receptor. Although clozapine seems to be tenfold more selective for
the D4 receptor as compared to other dopamine receptors, the
muscarinic, 5-HT2, and 5-HT7 receptors have similar affinities for
clozapine as the D4 receptor. However, by making use of the
differential affinities of the benzamides [3H]emonapride and
[3H]raclopride for the different D2-like receptors, the density of D4-
like sitesin brain tissue can be indirectly determined (Seeman et al.
1993). Scatchard analysis with [3H]emonapride will detect and allow
determination of the total density of all D2-like receptors (D2, D3,
D4), while such analysis with [3H]raclopride will only detect and
reveal the density of the D2, D3 receptor pool. Therefore, the
difference in maximal density detected by both radioligands in
scatchard analysis will reflect the density of areceptor pool that is D4-
like.
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their affinity for several D4 receptor variants. Moreover, for all
variants tested, two similar affinity states for dopamine binding were
observed that were sensitive to the inclusion of Gpp[NH]p. Under
standard DA receptor binding conditions, no major differences have
been observed in pharmacological characteristics between variants of
the D4 receptor. However, small differencesin the sensitivity for
sodium chloride on clozapine binding have been observed between
D4 variants (Asghari et al. 1994; Van Tol et al. 1992). Asyet, itis
unclear whether these observed differences are indicative of
differences in receptor function. Genetic association studies have thus
far not indicated a good correlation between differences in clozapine
responsiveness in the patient population and the different D4 isoforms
(Shaikh et al. 1993). However, inclusion of four different
polymorphic markers for the D4 receptor gene (figure 1) in these
analysis gives some ability to predict clozapine responsiveness
(Kennedy, personal communication, July 1994).

COUPLING TO ADENYLYL CYCLASE

In order to determine whether the D4 receptor possesses the ability to
block adenylyl cyclase activity, the D4.2 variant was cloned by

homol ogous recombination into vacciniavirus. This recombinant
vacciniavirus could infect several cell types which would, upon
infection, express D4 receptors that display a pharmacological profile
identical to that described previously. Approximately 2 to 3 days
after infection, cells express D4 receptor levels, as determined by
[3H]spiperone binding, of approximately 1 pmol/mg protein.
Functional analyses of GH4C1 cells, mouse fibroblast L cells, and Rat-
1 cells demonstrated that all these cells, upon infection with recom-
binant D4 vacciniavirus, could block adenylyl cyclase activity by
dopa-mine (Bouvier et al. 1993). Detailed analyses of infected Rat-1
cells demonstrated that dopamine could block forskolin-stimul ated
adenylyl cyclase activity and increased intracellular cyclic adenosine
monophos-phate (CAMP) levels with a 50 percent effective
concentration (EC50) of about 10 nM. This activity could be blocked
by spiperone and clozapine, but not by raclopride, which wasin
agreement with the affinities of these drugs for the D4 receptor
(Bouvier et a., in press).

Asweéll, several forms of the human D4 receptor were stably
transfected into Chinese hamster ovary cells (CHO-K1). These cell
lines express the dopamine D4 receptor at concentrations of
approximately 200 to 400 fmol/mg protein. Stimulation of these cells
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by various concentrations of dopamine did not significantly change
the intracellular cAMP levels, compared to nontransfected cells and
nonstimulated cells. However, in the D4-expressing cell lines, DA
could reduce forskolin-induced intracellular cCAMP increases by up to
90 percent (Asghari et al., in press). This reduction was concentration
dependent with an EC50 of approxi-mately 15 nM (figure 4).
Comparative analysis of various cell lines expressing the D4.2, D4.4,
or D4.7 variants failed to show any major differencesin either
efficacy or EC50 of DA to block adenylyl cyclase activity, although
the potency of DA for D4.7 was slightly reduced (Asghari et al., in
press). The D2 antagonists emonapride, haloperidol, and clozapine
could inhibit the dopamine-induced cAMP changes in forskolin-
stimulated cells in a concentration-dependent manner and with a rank
order that was in close agreement with the rank order seen for the
affinities of these compounds for the D4 receptor. Raclopride was not
able to block dopamine's activity at the D4 receptor at concentrations
less than 5 puM, which is expected considering the low affinity of this
ligand for the D4 receptor. The D4.2, D4.4, and D4.7 all displayed
similar functional profiles for these four D2 antagonists.

EXPRESSION OF THE D4 GENE

Dopamine D4 receptor messenger RNA (MRNA) has been detected in
various brain regions from humans, monkey, and rat. Northern blot
analysis of several dissected brain regions has shown a distribution for
this receptor that is dissimilar to the D2 and D3 receptors. A regional
distribution study in monkey brain showed relatively high levels for
D4 mRNA in frontal cortex, amygdala, midbrain, and medulla (Van
Tol et a. 1991). Lower levels were detected in striatum and
hippocampus. Although D4 mRNA is detectable by Northern blot
analysisin poly A+ enriched RNA preparations, D2 mRNA can be
monitored easily by the same methodology in total RNA preparations,
suggesting two orders of magnitude difference in the density of both
RNASs (Bunzow et al. 1988). Thisis confirmed by the relatively low
signal that is detected by in situ hybridization. In situ hybridization
data basically confirm the locali-zation seen by Northern analysis,
although cellular localization is more detailed and thus revealed the
presence of D4 mRNA at relatively high levelsin dentate gyrus
(Mansour et al. 1991; Meador-Woodruff et al. 1991, 1994; O'Malley
et al. 1992). Interestingly, D4 receptor mMRNA has also been detected
in relatively high levelsin rat heart (O'Malley et al. 1992) and retina
(Cohen et al. 1992).
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Alternatively, the author attempted to monitor the location of D4
binding sites. By using the differential binding characteristics of
[3H]raclopride and [3H]emonapride for D2, D3, and D4 receptors
(see above), D4-like binding sites were detected in caudate putamen of
human and rat but not in frontal cortex. This can be interpreted to
indicate that alarge number of the D4 mRNA containing cortical
neurons have their projections with D4 sites in noncortical areas,
including caudate putamen. Lesslikely isthat this RNA is not
translated into a functional protein. Preliminary data using in vitro
autoradiography of [3H]emonapride in the presence of an excess of
unlabeled raclopride ( > 100 nM) confirms the location of these
raclopride "insensitive" [3H]emonapride binding sites seen by
scatchard analysis, and also revealed several D4-like binding sitesin
other rat brain areas, including entorhinal cortex, colliculi, and central
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gray area (Nobrega, personal communication, June 1994). Whether
these sites are genuine D4 receptors awaits further characterization.

Little is known as yet about whether, and how, D4 receptor density is
regulated. Experimentsin which rats have been treated for a
prolonged period with haloperidol indicate a twofold increase in both
D4 mRNA and D4 binding sites, as defined by emonapride and
raclopride, in caudate putamen (Schoots et al. 1995). Interestingly,
the number of dopamine D4-like binding sitesis also considerably
increased in postmortem caudate putamen tissue of schizophrenics
(Seeman et al. 1993). In the schizophrenic tissues the D4 receptor
levels were elevated approximately sixfold over control tissues.
Although the majority of the tested tissues originated from
schizophrenic individuals who were treated with neuroleptics, similar
increases were also seen in the drug-naive individuals, while no
significant changes were measured in tissues obtained from patients
with Huntington's disease who were treated with neurol eptics.
Furthermore, as described above, rats treated with neuro-leptics only
showed a twofold change in receptor levels, suggesting that at least a
certain proportion of the increased receptor density must be attributed
to the disease. On the other hand, the relation of the D4 receptor to
schizophreniais unclear. Genetic linkage and association studies of
schizophrenia and bipolar affective disorder with several polymorphic
markers for the D4 receptor have not supported this receptor as the
primary cause for these disorders (Barr et al. 1993; Macciardi et al.
1994). Similar results have been obtained for the D2 and D3
receptors (Kennedy 1994). This, however, does not rule out any of
these receptors as therapeutic targets to control these disorders, since
drugs with different D2-like binding profiles and clinical profiles, like
raclopride, haloperidol, and clozapine are all effectively used in the
treatment of these diseases.

CONCLUDING REMARKS

The role of the dopamine D4 receptor in the DA system with respect
to addiction isunclear. Although the DA system has been clearly
established as a modifier of self-reward behavior, the recognition of
several new DA receptor genes warrants a reevaluation of several
components of the system. The absence of awide variety of agonists
and antagonists that are highly selective for the different receptors has
prevented the evaluation of the functional role of these receptorsin
drug addiction. From studies done by Caine and Koob (1993) it is
clear that different DA receptors might contribute differently to self-
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reward behavior. With respect to the D4 receptor, one published study
indicates a higher frequency of the occurence of the alleles D4.3 and
D4.6 in alcoholism (George et al. 1993); however, another study
failed to demonstrate such an association (Adamson et al. 1995).

To establish unequivocally that the D4 receptor is not a genetic factor
contributing to addiction, other paradigms might also have to be
tested. Asfor the roles of the D4 receptor and other newly
recognized DA receptors in addiction behavior, researchers are largely
ignorant about the different behavioral functions of these receptors.
Although the development of highly specific D4 agonists and
antagonists might be of great value, alternative approaches should be
investigated. As shown for the 5-HT1B receptor (Hen et al., this
volume), the use of DA receptor gene "knockout” mice might be of
great value for unraveling the functional roles of the dopamine
receptors for different behavioral paradigms.

One of the most interesting molecular features of the human D4
receptor is probably the extensive polymorphic repeat sequence in the
coding sequence of thisreceptor. The identification of at least 27
different haplo-types for the repeat encoding 20 putative different D4
receptor proteins has revealed another level of receptor diversity
which is thus far unprecedented within the G-protein-coupled receptor
superfamily. Until now it was recognized that receptor diversity was
generated by the existence of several genes coding for different
subtypes or by alternative splicing. Large structural polymorphisms
as described for the D4 receptor might account for differencesin
drug responsiveness and susceptibility to neuropsychiatric disorders,
including addiction. It would be of interest to see whether such
extensive interindividual differencesin coding sequence also exist for
other proteins, or whether this is a unique feature of the D4 receptor.

REFERENCES

Adamson, M.D.; Kennedy, J.; Petronis, A.; Dean, M.; Virkkunen,
M.; Linnoila, M.; and Goldman, D. DRD4 dopamine receptor
genotype and CSF monoamine metabolites in Finnish alcoholics and
controls. Am J Med Genet Neuropsychiatric Genet 60:199-205, 1995.

Albert, P.R.; Neve, K.A.; Bunzow, J.R.; and Civelli, O. Coupling of
acloned rat dopamine D2 receptor to inhibition of adenylate cyclase
and prolactin secretion. J Biol Chem 265:2098-2104, 1990.

33



Anderson, P.H.; Gingrich, JA.; Bates, M.D.; Dearry, A.; Falardeau,
P.; Senogles, S.E.; and Caron, M.G. Dopamine receptor subtypes:
Beyond the D1/D2 classification. Trends Pharmacol Sci 11:231-236,
1990.

Asghari, V.; Sanyal, S.; Buchwaldt, S.; Paterson, A.; Jovanovic, V.;
and Van Tol, H.H.M. Modulation of intracellular cyclic AMP levels
by different human dopamine D4 receptor variants. J Neurochem, in
press.

Asghari, V.; Schoots, O.; van Kats, S.; Ohara, K.; Jovanovic, V.;
Guan,H.-C.; Bunzow, J.R.; Petronis, A.; and Van Tol, H.H.M.
Dopamine D4 receptor repeat: Analysis of different native and mutant
forms of the human and rat gene. Mol Pharmacol 46:364-373, 1994.

Barr, C.L.; Kennedy, J.L.; Lichter, JB.; Van Tol, HH.M;
Wetterberg,L.; Livak, K.; and Kidd, K.K. Alleles at the dopamine D4
receptor locus do not contribute to the genetic susceptibility to
schizophreniain alarge Swedish kindred. Am J Med Genet
Neuropsychiatric Genet 48:218-222, 1993.

Bouvier, C.; Bunzow, J.R.; Guan, H.-C.; Unteutsch, A.; Civelli, O.;
Grandy, D.K.; and Van Tol, H.H.M. Functional characterization of the
human dopamine D4.2 receptor using vaccinia virus as an expression
system. Eur J Pharmacol, in press.

Bouvier, C.; Bunzow, J.R.; Van Tol, H.H.M.; McNell, L.; Saez, C,;
Williams, J.; Grandy, D.K.; and Civelli, O. Expression of functional D4
and D2 dopamine receptors using vaccinia virus as an expression
vector. Soc Neurosci Abstr 302.15:735, 1993.

Bunzow, JR.; Van Tol, H.H.M.; Grandy, D.K.; Albert, P.; Salon, J.;
Christie, M.; Machida, C.A.; Neve, K.A.; and Civelli, O. Cloning and
expression of arat D2 dopamine receptor cDNA. Nature 336:783-
787, 1988.

Catalano, M.; Nobile, M.; Novelli, E.; N6then, M.M.; and Smeraldi,
E. Distribution of a novel mutation in the first exon of the human
dopamine D4 receptor gene in psychotic patients. Biol Psychiatry
34:459-464, 1993.

Caine, S.B., and Koob, G.F. Modulation of cocaine self-
administration in the rat through D3 dopamine receptors. Science
260:1814-1816, 1993.

Cohen, A.l.; Todd, R.D.; Harman, S.; and O'Malley, K.L.
Photoreceptors of mouse retinas possesses D4 receptors coupled to
adenylate cyclase. Proc Natl Acad Sci U S A 89:12093-12097, 1992.

Dal Toso, R.; Sommer, B.; Ewert, M.; Herb, A.; Pritchett, D.B.;
Bach,A.; Shivers, B.D.; and Seeburg, P.H. The dopamine D2 receptor:
Two molecular forms generated by alternative splicing. EMBO J
8:4025-4034, 1989.



Dearry, A.G.; Gingrich, J.; Falardeau, P.; Fremeau, R.T.; Bates,
M.D.; and Caron, M.G. Molecular cloning and expression of the gene
for ahuman D1 dopamine receptor. Nature 347:72-76, 1990.

Elsholtz, H.P.; Lew, A.M.; Alben, P.; and Sundmark, V.C.
Inhibitory control of prolactin and Pit 1 gene promoters by
dopamine: Dual signaling pathway required for D2 receptor regulated
expression of the prolactin gene. J Biol Chem 266:22915-22925,
1991.

George, S.R.; Gheng, R.; Nguyen, T.; Israel, Y.; and O'Dowd, B.F.
Polymorphisms of the D4 dopamine receptor alleles in chronic
alcoholism. Biochem Biophys Res Commun 196:107-114, 1993.

Giros, B.; Sokoloff, P.; Martres, M.-P.; Riou, J.-F.; Emorine, L.J.;
and Schwartz, J.-C. Alternative splicing directs the expression of two
D2 receptor isoforms. Nature 342:923-926, 1989.

Grandy, D.K.; Marchionni, M.A.; Makam, H.; Stofko, R.E.; Alfano,
M.; Frothingham, L.; Fischer, J.B.; Burke-Howie, K.J.; Bunzow, JR.;
Server, A.C.; and Civelli, O. Cloning of the cDNA and gene for a
human D2 dopamine receptor. Proc Natl Acad Sci U S A 86:9762-
9766, 1989.

Hayes, G.; Biden, T.J.; Selbie, L.A.; and Shine, J. Structural
subtypes of the dopamine D2 receptor are functionally distinct:
Expression of the cloned D2A and D2B subtypes in a heterologous
cell line. Mol Endocrinol 6:920-926, 1992.

Kanterman, R.Y.; Mahan, L.C.; Briley, E.M.; Monsma, F.J.; Sibley,-
D.R.; Axelrod, J.D.; and Felder, C.C. Transfected D2 dopamine
receptors mediate the potentiation of arachidonic acid release in CHO
cells. Mol Pharmacol 39:364-369, 1991.

Kennedy, J.L. Molecular genetics of dopamine receptor genes. In:-
Niznik, H.B., ed. Dopamine Receptors and Transporters:
Pharmacology, Structure, and Function. New Y ork: Marcel Dekker,
Inc., 1994,

Lichter, J.B.; Barr, C.L.; Kennedy, J.L.; Van Tol, H.H.M.; Kidd,
K.K.; and Livak, K.J. A hypervariable segment in the human
dopamine receptor D4 (DRD4) gene. Hum Mol Genet 2:767-773,
1993.

Macciardi, F.; Smeradi, E.; Marino, C.; Cavalini, M.C.; Petronis,
A.;Van Tol, H.H.M.; and Kennedy, J.L. Genetic analysis of the
dopamine D4 receptor gene variant in an Italian schizophrenia
kindred. Arch Gen Psychiatry 51:288-293, 1994.

Mansour, A.; Meador-Woodruff, J.H.; Burke, S.; Bunzow, J.R.;
Akil, H.; Van Tol, H.H.M.; Civelli, O.; and Watson, S.J. Differential
distribution of D2 and D4 dopamine receptor mMRNASs in rat brain: An
in situ hybridization study. Soc Neurosci Abstr 17:599, 1991.

35



Meador-Woodruff, J.H.; Grandy, D.K.; Van Tol, H.H.M.; Damask,
S.P.; Little, K.Y.; Civelli, O.; and Watson, S.J. Dopamine receptor gene
expression in the human medial temporal lobe.
Neuropsychopharmacology 10:239-240, 1994.

Meador-Woodruff, J.H.; Mansour, A.; Work, C.; Van Tol, H.H.M ;
Grandy, D.; Civelli, O.; and Watson, S.J. Localization of D4 and D5
dopamine receptor mMRNAS in the human brain. Soc Neurosci Abstr
17:599, 1991.

Monsma, F.J.; McVittie, L.D.; Gerfen, C.R.; Mahan, L.C.; and
Sibley,D.R. Multiple D2 dopamine receptors produced by alternative
RNA splicing. Nature 342:926-929, 1989.

Montmayeur, J.P.; Guiramand, J.; and Borelli, E. Preferential
coupling between dopamine-D2 receptors and G-proteins. Mol
Endocrinol 7:161-170, 1993.

Nisoli, E.; Tonello, C.; Memo, M.; and Carruba, M.O. Biochemical
and functional identification of a novel dopamine receptor subtypein
rat brown adipose tissue. Its role in modulating sympathetic
stimulation-induced thermogenesis. J Pharmacol Exp Ther 263:823,
1992.

O'Dowd, B.F.; Hnatowich, M.; Caron, M.G.; Lefkowitz, R.J.; and
Bouvier, M. Palmitoylation of the human 32-adrenergic receptor:
Mutation of Cys241 in the carboxy tail leads to an uncoupled
nonpal mitoylated form of the receptor. J Biol Chem 264:7564-7569,
1989.

O'Malley, K.L.; Harmon, S.; Tang, L.; and Todd, R.D. Therat
dopamine D4 receptor: Sequence, gene structure, and demonstration
of expression in the cardiovascular system. New Biologist 4:137-146,
1992.

Petronis, A.; Ohara, K.; Barr, C.L.; Kennedy, J.L.; and Van Tal,
H.H.M. (G)n-Mononucleotide polymorphism in the human D4
dopamine receptor (DRD4) gene. Hum Genet 93:719, 1994a.

Petronis, A.; Van Tol, H.H.M.; and Kennedy, J.L. A Smal PCR-
RFLP in the 5' noncoding region of the human D4 dopamine receptor
gene (DRD4). Hum Hered 44:58-60, 1994b.

Ren, R.; Mayer, B.J.; Ciccheti, P.; and Baltimore, D. Identification
of aten-amino acid proline-rich SH3 binding site. Science 259:1157,
1993.

Schoots, O.; Seeman, P.; Guan, H.-C.; Paterson, A.D.; and VanTol,-
H.H.M. Long-term haloperidol elevates dopamine D4 receptors by 2-
fold in rats. Eur J Pharmacol 289:67-72, 1995.

Shaikh, S.; Collier, D.; Kerwin, RW.; Pilowsky, L.S.; Gill, M.; Xu,-
W.-M.; and Thornton, A. Dopamine D4 receptor subtypes and
response to clozapine. Lancet 314:116, 1993.

36



Seeman, P., and Van Tol, H.H.M. Dopamine D4 receptors bind
inactive (+)-aporphines, suggesting neuroleptic role. Sulpiride not
stereosel ective. Eur J Pharmacol 233:173-174, 1993.

Seeman, P.; Guan, H.-C.; and Van Tol, H.H.M. Dopamine D4
receptors elevated in schizophrenia. Nature 365:441-445, 1993.

Sokoloff, P.; Giros, B.; Martres, M .-P., Bouthenet, M.-L.; and
Schwartz,J.-C. Molecular cloning and characterization of a novel
dopamine receptor (D3) as atarget for neuroleptics. Nature 347:146-
151, 1990.

Sokoloff, P.; Martres, M.-P.; Delandre, M.; Redouane, K.; and
Schwartz,J.-C. 3H-Dopamine binding sites differ in rat striatum and
pituitary. Naunyn Schmiedebergs Arch Pharmacol 327:221-227,
1984.

Strader, C.D.; Candelore, M.R.; Hill, W.S.; Sigal, 1.S.; and Dixon,
R.A.F. Identification of two serine residues involved in agonist
activation of the 3-adrenergic receptor. J Biol Chem 264:13572-
13578, 1989.

Strader, C.D.; Sigadl, |.S.; Candelore, M.R.; Rands, E.; Hill, W.S,;
and Dixon, R.A.F. Conserved aspartic residues 79 and 113 of the
beta-adrenergic receptor have different roles in receptor function. J
Biol Chem 263:10267-10271, 1988.

Sunahara, R.K.; Guan, H.-C.; O'Dowd, B.F.; Seeman, P.; Laurier,
L.G.; Ng, G.; George, S.R.; Torchia, J.; Van Tol, H.H.M.; and Niznik,
H.B. Cloning of a human dopamine D5 gene with higher affinity for
dopamine than D1. Nature 350:614-619, 1991.

Sunahara, R.K.; Niznik, H.B.; Weiner, D.B.; Stormann, T.M.;
Brann,M.R.; Kennedy, J.L.; Gelernter, J.E.; Rozmahel, R.; Yang, Y .;
Israeel, Y.; Seeman, P.; and O'Dowd, B.F. Human D1 receptor
encoded by an intronless gene on chromosome 5. Nature 347:80-83,
1990.

Tiberi, M.; Jarvie, K.R.; Silvia, C.; Falardeau. P.; Gingrich, JA.;
Godinot, N.; Bertrand, L.; Yang-Feng, T.-L.; Fremeau, R.T.; and
Caron, M.G. Cloning, molecular characterization, and chromosomal
assignment of a gene encoding a second D1 dopamine receptor
subtype: Differential expression pattern in rat brain compared with the
Dlareceptor. Proc Natl Acad Sci U S A 88:7491-7495, 1991.

Vallar, L.; Muca, M.; Magni, M.; Albert, P.; Bunzow, JR.;
Meldolesi, J.; and Civelli, O. Differential coupling of dopaminergic
D2 receptors expressed in different cell types: Stimulation of
phosphatidylinositol 4,5 biphosphate in Ltk-fibroblasts,
hyperpolarization and cytosolic free Ca concentration decrease in
GHA4C1 cells. JBiol Chem 265:10320-10326, 1990.

37



Van Tol, H.H.M.; Bunzow, J.R.; Guan H.-C.; Sunahara, R.K.;
Seeman,P.; Niznik, H.B.; and Civelli, O. Cloning of ahuman
dopamine D4 receptor gene with high affinity for the antipsychotic
clozapine. Nature 350:610-614, 1991.

Van Tol, H.H.M.; Wu, C.M.; Guan, H.-C.; Ohara, K.; Bunzow, J.R.;
Civelli, O.; Kennedy, J.; Seeman, P.; Niznik, H.B.; and Jovanovic, V.
Multiple dopamine D4 receptor variants in the human population.
Nature 358:149-152, 1992.

Yu, H.; Chen, JK.; Feng, S.; Dalgarno, D.C.; Braure, A.W.; and
Schreiber, S.L. Structural basis for the binding of proline-rich
peptides to SH3 domains. Cell 76:933-945, 1994.

Zhou, Q.-Y.; Grandy, D.K.; Thambi, L.; Kushner, J.A.; VanTol,-
H.H.M.; Cone, R.; Pribnow, D.; Salon, J.; Bunzow, J.R.; and Civelli, O.
Cloning and expression of human and rat D1 receptors. Nature
347:76-80, 1990.

AUTHOR

Hubert H.M. Van Tol, Ph.D.

Associate Professor

Departments of Psychiatry and Pharmacol ogy
University of Toronto

and

Clarke Institute of Psychiatry
Laboratory of Molecular Neurobiology
250 College Street

Toronto, Ontario M5T 1R8
CANADA

Click hereto go to page 39

38



