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Abstract. Among the various dopamine receptors, D,-like receptors (D2R, D3R, and D4R) are
characterized by a large third cytoplasmic loop, a short carboxyl-terminal tail, and the ability to
activate inhibitory G proteins. The diverse activities of D,-like receptors are partly mediated by
proteins that interact with the third cytoplasmic loop, which regulate receptor signaling, receptor
trafficking, and stability. Furthermore, in the case of D2R and D3R genes, mRNA splicing gener-
ates isoforms in the region of the third cytoplasmic loop. The gene encoding D2R gives rise to two
isoforms, termed the dopamine D, receptor long isoform (D2LR) and the dopamine D, receptor
short isoform (D2SR), which lacks 29 amino acids of the D2LR within the third cytoplasmic loop.
The D3R gene also produces at least seven distinct alternative splicing variants including D3nf; in
which 98 base pairs in the carboxyl-terminal region of the third intracellular loop are deleted. In
this review, we focus on proteins interacting with the dopamine D,/D; receptors in the third cyto-
plasmic loop. We also define a novel binding protein, heart-type fatty acid-binding protein (H-
FABP), which specifically interacts with the 29 D2LR amino acids deleted in D2SR and document

its function in D2LR signaling.
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1. Introduction

Dopamine receptors are important molecules underly-
ing neuropsychotic disorders such as Parkinson’s disease
and schizophrenia. Dopamine receptors are members of
the seven transmembrane and trimeric GTP-binding
protein (G protein)-coupled receptor family and are clas-
sified into distinct subfamilies of D;-like (D, and Ds) and
Ds-like (Ds, Ds, and D4) receptors based on pharmaco-
logical properties, sequence homology, and structure (1).
Di-like receptors exhibit short third cytoplasmic loops
and very long carboxyl-terminal intracellular tails. By
contrast, D,-like receptors have long third intracellular
loops and short carboxyl-terminal intracellular tails. D-
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like receptors activate adenylyl cyclase by coupling to
Gs protein. By contrast, D>-like receptors are coupled to
pertussis toxin (PTX)-sensitive Gi/Go proteins and can
mediate several signaling pathways, such as inhibition of
adenylyl cyclase, activation of K* channels, inhibition of
Ca®' channels, and stimulation of Na'/H" anti-porters
(2).

Among the dopamine-receptor subtypes, the D, recep-
tor (D2R) is most extensively studied since all clinical
antipsychotic drugs act as D2R antagonists in the me-
solimbic dopamine system, and the abilities of these
drugs to block D2R correlate with antipsychotic effi-
ciency. D2R exists as two alternatively spliced isoforms
— the dopamine D, receptor long isoform (D2LR) and
the dopamine D, receptor short isoform (D2SR) — that
differ in a 29 amino acid insert in the third cytoplasmic
loop (3). Human D2R reportedly has a polymorphism
changing serine to cysteine at amino acid 311 in the third
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cytoplasmic loop of D2LR (4). That variant is reportedly
associated with schizophrenia (5), although studies have
failed to confirm these reports (6). Pharmacologically,
the human D2R Ser311Cys variant has been shown to be
less effective in inhibiting cyclic AMP accumulation
than wild-type D2R when expressed in Chinese hamster
ovary (CHO) cells (7). A recent study characterized a
single nucleotide polymorphism (SNP) within the D2R
gene at intron 6, rs1076560 (G > T), in postmortem hu-
man striatum and prefrontal cortex (8). The resultant GT
genotype is associated with relatively lower expression
of D2SR mRNA in prefrontal cortex and striatum, as
well as with significantly reduced performance on a
cognitive task relative to the GG genotype in humans (8).
The gene encoding D3R is also organized to allow for
production of different transcripts via alternative splic-
ing, and at least seven distinct D3R splice variants have
been identified: full-length D3R; a mouse shorter recep-
tor isoform (D3SR) lacking 21 amino acids within the
third cytoplasmic loop, but no correspondence to the
human gene, D3 (TM3-del); D3 (TM4-del); D3 (O2-del);
rD3in; and D3nf (9). Although both D3R and D3SR ex-
hibit high-affinity dopamine binding, the other five
variants do not bind dopamine and are believed to func-
tion to regulate receptor dimerization (9). D3nf, which is
expressed in human brain, is the most investigated of
these with particular attention on the third cytoplasmic
loop. D3nf mRNA lacks 98 ribonucleotides that encode
the C-terminal region of the third cytoplasmic domain,
resulting in a frame shift and giving rise to a novel 55
amino acid sequence in the C-terminus of the protein
ends that is not seen in the D3R. This difference includes
sequences that comprise transmembrane domains 6 and
7 that are deleted. In humans, dopamine D3R mRNA
expression has been shown to be decreased in the cortex
of schizophrenia patients, whereas increased D3nf splic-
ing efficiency was observed in the cortex of postmortem
tissue from schizophrenia patients (9).

In this review, we summarize what is known about
proteins that interact with the third cytoplasmic loop of
D2R and D3R in brain (Fig. 1). Alternative splicing of
mRNA encoding the loop may also alter interactions of
cytosolic and membrane-associated interacting proteins
that regulate D./Ds-receptor signaling. Understanding
both D./D; receptor—interacting proteins and receptor
splice variants may reveal mechanisms underlying disor-
ders related to dopamine system dysfunction.

2. Proteins interacting with the N-terminal region of
the third cytoplasmic loop of D2R/D3R: CaM, NR2B,
CaMKII, Filamin A, Protein 4.1N, and Par-4

Calmodulin (CaM) acts as a cellular Ca®" sensor to
activate ion channels and enzymes that regulate the cell
cycle, cytoskeletal organization, and development. Bofill-
Cardona et al. reported that there is a CaM-binding motif
located in the N-terminus of the third D2R cytoplasmic
loop at residues 1210 to V223 in vitro (10). This motif
exhibits consensus hydrophobic residues (Val, Ile) at
1210, 1215, and V223 (11). Ca**/CaM binding to the re-
ceptor interferes with D2R signaling by inhibiting recep-
tor-mediated G protein activation. CaM does not perturb
G protein recognition but impedes receptor-induced ac-
tivation (10). By contrast, CaM does not bind to the third
cytoplasmic domain fragment of glutathione S-transferase
(GST)-D3R (R210 — P239) (12).

N-Methyl-p-aspartate (NMDA) receptors comprise a
family of ionotropic glutamate receptors (GluRs) playing
a central role in synaptic plasticity and memory forma-
tion (13). These receptors form by assembly of the prin-
cipal NR (NMDA receptor) 1 subunit with different
modulatory NR2 subunits (NR2A — D). NR2B selec-
tively binds to D2R, but not to D3R, through an N-termi-
nal 10 amino acid motif, T225 — A234, ofthe D2R third
cytoplasmic domain (14). Although the NR2B binding
motif is adjacent to the CaM binding domain at
1210 — V223, it does not bind CaM, strongly suggesting
that NR2B-D2R interaction does not affect CaM-D2R
binding. However, NR2B—D2R interaction disrupts the
NR2B — Ca**/CaM-dependent protein kinase I (CaM-
KII) interaction, inhibiting NR2B phosphorylation at
S1303 by CaMKII (14). Furthermore, the NR2B-D2R
interaction inhibits NMDA receptor—mediated currents
in medium-sized striatal neurons (14).

CaMKII is highly expressed in the central nervous
system, especially in the hippocampal formation (15).
CaMKII is a multifunctional protein kinase that regulates
biosynthesis and exocytosis of neurotransmitters and
synaptic plasticity. CaMKII autophosphorylation con-
verts it from a Ca**-dependent to a Ca*'-independent
species. Elevation of intracellular Ca** levels in cultured
neurons by NMDA-receptor stimulation results in in-
creased CaMKII autophosphorylation at T286 of the
a-subunit and T287 of the f-subunit, with concomitant
elevation of Ca*"-independent activity. Increased CaM-
KII autophosphorylation is essential for long-lasting in-
creases in synaptic efficacy seen following long-term
potentiation in the hippocampus (16). CaMKll« directly
binds to D3R fragments containing residues R210 to
P239, a 30 amino acid region at the N-terminus of the
third cytoplasmic loop in vitro (12). The CaMKlIla-
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Fig. 1. Primary sequence of proteins interacting with the third cytoplasmic domains of the human D2R (dopamine receptor D,
isoform long [NP_000786.1]) and human D3R (dopamine receptor D; isoform a [NP_000787.2]). Amino acid sequences in bold
in hD2R (G242 — V270) and hD3R (S287 — G319) appear in alternatively spliced variants. The dopamine D, receptor short iso-
form (D2SR) [NP_057658.2] lacks a 29 amino acid sequence, which interacts with H-FABP. The dopamine receptor D; short
isoform (D3SR, D3e) [NP 387512.3] is missing a 33 amino acid segment including the Filamin A-binding domain, which is
contained in the dopamine receptor D; long isoform (D3a). Amino acid residues conserved in D2R and D3R are boxed. Brackets
illustrate binding domains of proteins interacting with both receptors.

interacting region is restricted to the CaMKlla catalytic
domain. Furthermore, CaMKlIlo phosphorylates D3R at
S229 in the R210 — P239 motif. In accumbal neurons in
vivo, Ca*" stimulates binding of CaMKII to D3Rs and
increases D3R phosphorylation, suppressing D3R func-
tion (12).

Filamin A is an actin binding protein that plays an
important role in construction of the submembranous
cytoskeleton. Filamin A binds to N-terminal regions of
the third cytoplasmic loops of D2R and D3R and is
thought to be required for proper plasma membrane lo-
calization of both receptors (17). Mapping analyses show
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that a core sequence of approximately 19 residues within
the N-terminal segment of the third cytoplasmic loop of
D2R (K211 —K241) and D3R (1211 — Q227) is likely
required for Filamin A association, although an additional
segment within the C-terminal portion of D3R
(K281 - Q329), but not in the D2R third cytoplasmic
loop, may also contribute to Filamin A — D3R interac-
tion. Several point mutations in the gene encoding Fil-
amin-A within the region of dopamine-receptor binding
have been found to block delivery of expressed dopamine
D2R to the plasma membrane, suggesting a key role for
this protein in D2R cell surface trafficking (18).

Protein 4.1N is a member of the 4.1 family enriched in
neurons and associated with submembrane cytoskeletal
elements. The 4.1 family also includes protein 4.1R in
erythrocytes and the 4.1G and 4.1B isoforms (19). The
4.1 proteins are critical components of the spectrin—actin
cytoskeleton and provide attachment between the cyto-
skeleton and the cell membrane. Among dopamine re-
ceptors, protein 4.1N interacts with the N-terminal por-
tion of the third cytoplasmic loop of D2R (K211 — K241)
and D3R (1211 - Q227) (20). The dopamine receptor—
binding site on protein 4.1N maps to the C-terminal
domain, which is highly conserved among all 4.1 family
members, and both D2R and D3R have also been shown
to interact with the C-terminal domains of proteins 4.1R,
4.1G, and 4.1B. Co-expression of dopamine D2R or D3R
with a mutant form of protein 4.1N that contains the
dopamine receptor—binding site but lacks the 4.1N
membrane-binding domain decreases cell surface ex-
pression of D2R and D3R in mouse neuroblastoma
Neuro2A cells, suggesting functional roles for dopamine
D2/D3R-4.1N interaction in the localization or stability
of dopamine receptors at the neuronal cell surface.

Prostate apoptosis response 4 (Par-4) is a leucine zip-
per—containing protein initially identified as a proapop-
totic factor induced by apoptotic stimuli (21). In the
nervous system, Par-4 induction is linked to neuronal cell
death in neurodegenerative diseases such as Parkinson’s
disease, Alzheimer’s disease, and amyotrophic lateral
sclerosis. Par-4 was shown to be a D2R-interacting pro-
tein in a yeast two-hybrid screen of a human fetal embry-
onic brain library using the third intracellular loop of
human D2LR (1212 — Q373) as bait (22). Furthermore, in
vitro binding assays identified the domain of D2R inter-
acting with Par-4 as the first 30 amino acid residues of
the third intracellular loop (amino acid residues
1212 — K241). Since CaM binds to D2R in the same re-
gion (1210 — V223), CaM likely competes with Par-4 to
bind D2R in a Ca*'-dependent manner, which would re-
sult in reduced D2R efficacy and relieve D2R-mediated
inhibition of cAMP signaling (22).

3. Proteins interacting with the C-terminal region of
the third cytoplasmic loop of D2R/D3R: NSF and
DAT

N-Ethylmaleimide-sensitive factor (NSF) is a homo-
hexameric ATPase (23) that is an essential component of
the protein machinery responsible for various membrane
fusion events, including intercisternal Golgi protein
transport and exocytosis of synaptic vesicles. Direct in-
teraction between the carboxyl tail of the AMPA-receptor
GluR2 subunit and NSF has been documented (24). Stud-
ies employing co-immunoprecipitation, affinity purifica-
tion, and in vitro binding assays also show that NSF di-
rectly binds to the third cytoplasmic loop of D2R at
F341 — Q373 (25). D2R activation increases this interac-
tion, resulting in decreased D2R—GIluR2 interaction. This
result suggests that NSF regulates interaction between
the two receptors, depending on the activation state of
the D2R (25).

The dopamine transporter (DAT) is a membrane-
bound protein that facilitates reuptake of extracellular
DA and is a target for drugs of abuse including cocaine
and amphetamine. DAT represents a major presynaptic
component involved in regulating dopaminergic tone.
Lee et al. provide evidence for direct interaction between
the third cytoplasmic loop of D2R (1340 — Q373) and
DAT (26). They employed the D2SR isoform in experi-
ments utilizing transfected cells and GST fusion proteins,
as DAT interacts with a D2R region common to both
D2SR and D2LR. DAT recruitment to the plasma mem-
brane, which is essential for its function, is promoted by
the D2R-DAT interaction. Since mice injected with
peptides disrupting DAT/D2R association exhibit de-
creased synaptosomal dopamine uptake and increased
locomotor activity (26), interaction between these two
proteins may contribute to dopaminergic tone and activ-
ity within the brain.

4. H-FABP is a novel protein that interacts with a
unique residue of the third cytoplasmic loop of D2LR
only

As noted, proteins have been identified as interacting
with the D2R third cytoplasmic loop by using yeast two-
hybrid systems and in vitro and in vivo binding assays.
However, the molecules cited above interact with regions
common to the third cytoplasmic loop of D2LR and
D2SR. Therefore the 29 amino acid insert (G242 — V270)
seen only in D2LR does not participate in these interac-
tions. We have identified for the first time the heart-type
fatty acid binding protein (H-FABP, FABP3) as a protein
binding to this 29 amino acid domain found only in
D2LR using a yeast two-hybrid system (27). When D2LR
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or D2SR was co-expressed with H-FABP in neuroblas-
toma NG108-15 cells, over-expressed and endogenous
H-FABP clearly co-localized with only the D2LR protein
in the Golgi apparatus but not in the plasma membrane.
In immunoprecipitation assay, we confirmed the interac-
tion between H-FABP with D2LR-YFP, but not with
D2SR-YFP in transfected NG108-15 cells. Brain-type
(B-) FABP did not bind to D2LR-YFP (27). Likewise,
the immunocomplex with anti-D2LR antibody using the
striatal cell extracts included H-FABP in wild-type mice,
but not in H-FABP knockout (KO) mice (28).

The striatal microcircuit is composed of medium-sized
spiny neurons that receive excitatory corticostriatal glu-
tamatergic innervation, dopaminergic nigrostriatal fibers,
and cholinergic interneuron terminals (Fig. 2). Strong
H-FABP immunoreactivity was detected in all cholin-
ergic neurons. H-FABP protein is also expressed in glu-
tamatergic terminals in the dorsal striatum, whereas H-
FABP is not present in dopaminergic terminals or in
postsynaptic densities in dendritic spines of medium-
sized spiny neurons in the dorsal striatum. In H-FABP—

Wild-type

( Cerebral cortex/Thalamus )

Striatum
ACh

Glu\@ Glu
: MSN
D2) )— —( ©1)

| DA DA

! !

expressing regions, D2R was also present in cell bodies
of cholinergic neurons and in glutamatergic terminals in
the dorsal striatum (28). Interestingly, H-FABP KO mice
exhibit D2R dysfunction, based on evaluation of dopa-
mine-related behaviors (28). Specifically, H-FABP KO
mice showed reduced responsiveness to methamphet-
amine (METH)-induced sensitization of locomotor activ-
ity compared to wild-type mice. Enhanced haloperidol-
induced catalepsy was also observed in H-FABP KO
mice compared to wild-type mice. Consistent with the
latter findings, aberrant increased acetylcholine (ACh)
release and depolarization-induced Glu release were
observed in the dorsal striatum of H-FABP KO mice.
H-FABP expressed in ACh interneurons and terminals of
glutamatergic neurons likely regulates ACh and Glu re-
lease in the dorsal striatum of mouse brain through inter-
action with D2LR. Taken together, H-FABP is highly
expressed in ACh interneurons and glutamatergic termi-
nals, thereby regulating dopamine D2R function in the
striatum (28).

GPe SNc SNr, GPi
(Indirect pathway) (Direct pathway)

WA p2Lr
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Fig. 2. Schematic representation summarizes changes in synap-
tic neurotransmission seen in the striatum microcircuit of H-FABP
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KO mice. Excitatory glutamatergic inputs to striatal neurons are
derived from neurons in the cerebral cortex and thalamus. The
target neurons include principal medium spiny neurons (MSNs)
contributing to the direct pathway (D1R-expressing MSN) and
the indirect pathway (D2R-expressing MSN). Striatonigral D1R-
expressing MSNs directly project to the substantia nigra pars re-
ticulata (SNr) and internal segment of the globus pallidus (GP1).
By contrast, striatopallidal D2R-expressing MSNs project to the
external segment of the globus pallidus (GPe). GPe neurons
project to the subthalamic nucleus and then to the SNr and GPi.
H-FABP binds to D2LR in acetylcholinergic interneurons and
terminals of glutamatergic neurons, thereby regulating ACh and
Glu release. H-FABP deletion causes D2R dysfunction and aber-
rantly increased ACh and Glu release is observed in H-FABP KO
mice (Ref. 28). We propose that H-FABP KO mice exhibit in-
creased excitability of striatopallidal MSNs through the aberrant
increased ACh and Glu release, resulting in increased cataleptic
responses.
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5. Clinical relevance of FABPs in emotional and cog-
nitive behaviors

Importantly, schizophrenic patients exhibit signifi-
cantly lower levels in red blood cells of long chain
polyunsaturated fatty acids (LCPUFAs), including
arachidonic acid (AA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) (29). Several clinical stud-
ies indicate that oral administration of EPA can improve
emotional and cognitive function in schizophrenic pa-
tients (30). Likewise, AA (31) and DHA (32) supple-
mentation can improve cognitive dysfunction seen in
human disorders such as Alzheimer’s disease. Since
LCPUFAs are insoluble in an aqueous cellular environ-
ment, FABPs are essential to function as cellular shuttles
to transport LCPUFAs to appropriate intracellular com-
partments. Small 14 — 15-kDa cytoplasmic FABPs be-
long to a family consisting of at least 13 different widely
distributed proteins. Among various FABPs, brain- (B-),
epidermal- (E-), and heart- (H-) type FABPs are all ex-
pressed in the brain (33). B-FABP knockdown in cortical
neuroepithelial cells by small interfering RNA impairs
cell proliferation and promotes neuronal differentiation
(34). B-FABP KO mice show abnormalities in emotional
behavior, decreased neurogenesis in the dentate gyrus,
and impaired prepulse inhibition (35). Given the pheno-
types of B-FABP KO mice, the crucial roles of H-FABP
in the D2LR signaling may explain the clinical relevance
of LCPUFAs in ameliorating emotional and cognitive
behaviors seen in schizophrenia and Alzheimer’s
diseases.

6. Conclusion

Notably, the activities of D2R/D3R are mediated not
only by heterotrimeric G proteins but also by proteins
interacting specifically with the third cytoplasmic loop.
Interaction with NR2B, CaM, CaMKII, DAT, NFS, and
Par-4 likely mediates synaptic plasticity related to
memory and emotional behaviors. The functional rele-
vance of other interacting proteins such as Filamin A and
Protein 4.1N remains unclear. We have for the first time
defined the physiological role of H-FABP interacting
with the D2LR third cytoplasmic loop. Analysis of D2LR
dysregulation in H-FABP KO mice should further our
understanding of D2LLR in METH-induced sensitization
of locomotor and stereotypical behaviors through the
nigrostriatal dopamine system.
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