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Dopamine regulates movement, motivation, reward, and learning and is implicated in
numerous neuropsychiatric and neurological disorders. The action of dopamine is mediated
by a family of seven-transmembrane G protein-coupled receptors encoded by at least five
dopamine receptor genes (D1, D2, D3, D4, and D5), some of which are major molecular
targets for diverse neuropsychiatric medications. Dopamine receptors are present through-
out the soma and dendrites of the neuron, but accumulating ultrastructural and biochem-
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ical evidence indicates that they are concentrated in dendritic spines, where most of the
glutamatergic synapses are established. By modulating local channels, receptors, and
signaling modules in spines, this unique population of postsynaptic receptors is strategi-
cally positioned to control the excitability and synaptic properties of spines and mediate
both the tonic and phasic aspects of dopaminergic signaling with remarkable precision and
versatility. The molecular mechanisms that underlie the trafficking, targeting, anchorage,
and signaling of dopamine receptors in spines are, however, largely unknown. The present
commentary focuses on this important subpopulation of postsynaptic dopamine receptors
with emphases on recent molecular, biochemical, pharmacological, ultrastructural, and
physiological studies that provide new insights about their regulatory mechanisms and
unique roles in dopamine signaling.
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nuclei, and the mesocortical pathway, which projects mainly
to the cingulate, entorhinal and medial prefrontal cortices
(PFCs). Dysfunction of dopaminergic transmission in these
major pathways has been implicated in an array of neurolo-

1. The central dopaminergic systems: an
overview

Dopamine (DA) is a prototypical slow neurotransmitter that
plays pivotal roles in a variety of cognitive, motivational,
neuroendocrine, and motor functions [1,2]. Two major groups
of DA-containing neurons in the mammalian brain reside in
the substantia nigra pars compacta (SN) and the ventral
tegmental area (VTA) [3]. SN neurons form the nigrostriatal
pathway, which projects mainly to the dorsal part of striatum
where they control postural reflexes and initiation of move-
ments. VTA neurons give rise to two pathways: the meso-
limbic pathway, which projects to the subcortical and limbic

gical and neuropsychiatric disorders, including Parkinson’s
disease, Huntington’s diseases, schizophrenia, attention-
deficit hyperactivity disorder (ADHD), and drug addiction
[1,2]. Drugs targeting dopaminergic mechanisms are widely
used to manage these and other conditions.

The action of DA is mediated by a family of seven-
transmembrane (TM) G protein-coupled receptors (GPCRs)
encoded by at least five DA receptor genes (D1, D2, D3, D4, and
D5) in the mammalian brain [4]. These receptors are classified
into two subfamilies, the D1- and D2-class receptors based on

* Corresponding author at: Department of Psychiatry, Harvard Medical School, Beth Israel Deaconess Medical Center, New England Primate
Research Center, One Pine Hill Drive, P.O. Box 9102, Southborough, MA 01772, United States. Tel.: +1 508 624 8106; fax: +1 508 786 3317.

E-mail address: wei-dong yao@hms.harvard.edu (W.-D. Yao).

0006-2952/$ - see front matter © 2008 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2008.01.018


mailto:wei-dong_yao@hms.harvard.edu
http://dx.doi.org/10.1016/j.bcp.2008.01.018

2056 BIOCHEMICAL PHARMACOLOGY 75 (2008) 2055-2069

(A

(8) Ligand

GPCR *

bRIRINIRIRIRIN
LOOODOOO0

Endocytosis

Clathrin

Fig. 1 - Key steps of dopaminergic signaling and regulation. (A) Intracellular pathways mediated by D1- and D2-class DA
receptors. Activation of D1-class receptors stimulates AC, increases the production of cAMP, and activates PKA. Activation
of PKA phosphorylates I-1 and its homologue DARPP-32, potent inhibitors of PP-1 in their phosphorylated states. Activation
of D2-class receptors inhibits AC and downregulates this cAMP-dependent pathway. D2-class receptors also couple to Ca*
signaling through Gfv subunits, which act on several types of ion channels and on intracellular Ca®* stores, linking these
receptors to downstream Ca®*-dependent effectors, e.g. calcineurin (PP-2B) and PKC. In addition, D2-class receptors can
function through a novel protein kinase B (Akt)-GSK-3 signaling cascade. Downstream effectors of these multiple signaling
pathways include, among others, voltage-dependent ion channels, ligand-gated glutamate receptors, and ion pumps. (B)
Homologous desensitization process of GPCR. After ligand binding, GPCRs are rapidly phosphorylated by GRKs, followed by
binding of the phosphorylated receptors to arrestins. The arrestin-GPCR interaction promotes the recruitment of an
endocytic complex, leading to receptor internalization via the dynamin-dependent, clathrin-coated vesicle-mediated
endocytic pathway. Arrestins also serve as adaptors and scaffolds that interact with numerous signaling molecules and
organize some G protein-independent signaling pathways. Black arrows represent modulatory processes; red arrows
indicate stimulating or positive actions; blue arrows indicate inhibitory actions. Abbreviations: AC, adenylyl cyclase; PKA,
protein kinase A; PKC, protein kinase C; CaM, calmodulin; CaMK, Ca®>*/CaM-dependent protein kinase; I-1, inhibitor-1;
DARPP-32, dopamine and cyclic adenosine 3',5'-monophosphate-regulated phosphoprotein, 32 kDa; PP-1, protein
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deduced amino acid sequence homologies and pharmacolo-
gical and functional profiles. The D1-class receptors, including
D1 and D5, couple to Gas to stimulate adenylate cyclases,
increase the production of cAMP, and activate protein kinase A
(PKA) and subsequent downstream signaling systems, includ-
ing extracellular signal-regulated kinase (ERK) (Fig. 1A) [5]. The
D2-class receptors, including D2, D3 and D4, are negatively
coupled to this cAMP/PKA-dependent signaling. In addition,
D2-class receptors modulate intracellular Ca** levels and a
number of Ca?*-dependent intracellular signaling processes
(Fig. 1A). Through diverse cAMP- and Ca®*-dependent and -
independent mechanisms, DA influences neuronal activity,
synaptic plasticity, and behavior [6-9]. Like most GPCRs, the
responsiveness of DA receptors is primarily controlled by the
classical B-arrestin- and GPCR kinase (GRK)-regulated desen-
sitization process (Fig. 1B) [10].

DA receptors are distributed in the soma and across the
dendritic tree of dopamineceptive neurons. However, a
unique, disproportionately large population of DA receptors
is localized in dendritic spines [11-14], where most of the
excitatory glutamatergic synapses are formed. Moreover, a
subset of DA receptor-containing spines is innervated simul-
taneously by both glutamatergic terminals and dopaminergic
terminals [15-17]. DA receptors within dendritic spines differ
from extraspinous receptors in which they are physically, and
perhaps functionally, confined in the small compartment of
spines. These receptors may shape the biophysical properties
of individual spines that subserve various motivational and
cognitive processes.

In this commentary, we summarize recent ultrastructural
and biochemical studies concerning this unique population of
DA receptors, assess current views about the targeting,
trafficking, and signaling of these receptors within dendritic
spines, review recently identified DA receptor-interacting
proteins that may participate in DA receptor regulatory
processes, and discuss how DA receptors within dendritic
spines may mediate various aspects of DA action.

2. Dendritic spines: sites of synaptic
transmission, modulation and plasticity

Dendritic spines are small protrusions from the dendritic
surface of neurons thatare the major sites of excitatory synaptic
transmission in the mammalian CNS [18,19]. More than 90% of
asymmetric glutamatergic synapses are made on the heads of
dendritic spines, which in the hippocampus exhibit a near one-
to-one relationship to excitatory synapses. Almost all spines
belong to pyramidal neurons and mediate virtually all gluta-
matergic inputs to these cells, at least in the cortex. Spines
consist of a head (volume ~0.004-2 pm®) connected to the
dendritic shaft by a thin neck (diameter ~0.04-1 pm and length
~0.1-2 um). Spines differ considerably in their morphological
characteristics across different cell types. Based on their sizes
and shapes spines can be classified as “mushroom”, “thin”, or
“stubby”’. Cortical spines, in general, display larger and more

complex morphologies. This morphological heterogeneity may
correspond to differences in strengths of synapses established
on these spines. Spines show a remarkable dynamics in vivo
and their formation, elimination, and morphological/structural
plasticity are regulated during development, and by sensory
experience [20].

A number of organelles are found in dendritic spines that
support spines as structurally autonomous units for synaptic
transmission, signaling, and plasticity [18-20]. All spines
contain smooth endoplasmic reticulum (SER), which is
involved in membrane synthesis and intracellular Ca*
handling. Spine apparatus, a specialized SER derivative
consisting of two or more disks of SER, is observed in larger
and more mature spines. Polyribosomes are present in the
head or base of most spines in the visual cortex and some
spines of the hippocampus, indicating that local protein
synthesis may take place within spines. The presence, size,
and complexity of these organelles are generally proportional
to the size and morphological complexity of spines, suggesting
that different-sized spines may handle Ca®" and structural
plasticity differently.

The most prominent ultrastructural specialization of
spines is the postsynaptic density (PSD), an electron-dense,
disk-like organelle located just underneath the postsynaptic
membrane in spine heads. PSD is a macromolecular assembly
containing 400-500 proteins [21-23]. These proteins include
glutamate receptors, ion channels (e.g. L- and R-type voltage-
sensitive Ca®* channels), protein kinases (e.g. PKA, protein
kinase C (PKC), and Ca**/calmodulin (Ca**/CaM)-dependent
protein kinase II (CaMKII)), phosphatases (e.g. protein phos-
phatase-1 (PP-1) and -2A (PP-2A)), cytoskeletal components,
and proteins involved in membrane trafficking [21,23]. Within
the PSD, receptors, channels, and kinases/phosphatases are
likely organized into signaling complexes or modules by
scaffolding and adaptor molecules, such as postsynaptic
density protein 95 (PSD-95) [24,25]. Thus, the PSD can be
thought of as a collection of signal processing devices
associated with the maintenance and plasticity of synaptic
function [23]. The organization and composition of the PSD is
not static, but undergoes dynamic regulation [26], which may
underlie the activity-dependent synaptic and structural
plasticity in spines [20].

Experimental and theoretic work has suggested that
dendritic spines subserve biochemical rather than electrical
compartmentalization, and that the spine neck restricts
diffusional exchange of signaling molecules between spine
heads and parent dendrites [27]. It is estimated that the
diffusional exchange between spine heads and dendrites is in
the range of 20-200ms for second messengers, such as
intracellular free Ca®>* and inositol 1,4,5-trisphosphate (IP3),
and small molecules, which is about 100 times slower than
what would be expected for free diffusion over the length of
the spine neck [19]. This time scale should allow many
biochemical reactions to take place. Larger cytoplasmic
signaling molecules with slower diffusion coefficients (e.g.
protein kinases and phosphatases) would be compartmenta-

phosphatase-1; PP-2B, protein phosphatase-2B (calcineurin); MAPK, mitogen-activated protein kinase; Akt, protein kinase
B (PKB); GSK-3, glycogen synthase kinase 3; GRK, GPCR kinase; BArr, beta-arrestin; AP-2, adaptor protein 2; JNK, c-Jun N-
terminal kinase; ERK, extracellular signal-regulated kinase; PI3K, phosphoinositide 3-kinase.
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lized over longer periods of time. Membrane-bound receptors,
such as N-methyl-p-aspartic acid receptors (NMDARS) and a-
amino-3-hydroxy-5-methylisoxazole-4-propionic acid recep-
tors (AMPARs), can diffuse in the plasma membrane between
synaptic and extrasynaptic compartments within spines [28],
exchange between different spines [29], and undergo dynamic
endocytotic and exocytotic membrane trafficking within
spines [30]. Recent studies demonstrate that spontaneous
activity at individual spines can confine the diffusional
movement of AMPA-type glutamate receptor subunit 1 (GluR1)
to restricted submicron domains at single synapses, providing
a novel mechanism of receptor compartmentalization which
may directly contribute to synaptic plasticity [29]. Collectively,
the available evidence suggests that dendritic spines com-
partmentalize various components to limit activity-induced
changes to individual spines—a process that could underlie
input-specific synaptic activity and plasticity.

3. Dopaminergic innervation and receptor
localization
3.1.  Dopaminergic innervation architecture

The midbrain DA systems project widely to a large number of
postsynaptic target cells in multiple forebrain regions,
including striatum, cortex, hippocampus, and amygdala. For
example, in the striatum, which is the most densely
innervated DA target, virtually every medium spiny neuron
(MSN) is innervated by DA due to the extensive ramification of
dopaminergic axons. This level of ramification gives rise to
extraordinarily dense DA-releasing varicosities; the average
distance between release sites is estimated to be only 4 pm
[31]. The MSN is the primary cell type in the striatum,
accounting for 90-95% of total striatal cells, and is the major
target of inputs from the cortex and thalamus. The glutama-
tergic inputs from these regions are mediated by the densely
populated spines on the dendrites of MSNs. Most DA
varicosities are in contact with spines, and to a lesser extent
with dendritic shafts and cell bodies of MSNs, forming
axosomatic, axodendritic, and axospinous synapses [15,16]
(Fig. 2A). The axodendritic synapses often form on the
proximal dendritic shafts, whereas axospinous synapses are
predominant on distal dendrites. A significant subpopulation
of spines [15] is simultaneously contacted by both dopami-
nergic and glutamatergic varicosities [15,16], forming the
“striatal microcircuit” or “synaptic triad” [17]. Similar DA
innervation architecture is also observed in pyramidal
neurons in the cortex and hippocampus, and magnocellular
neurons of basolateral amygdale [17,32]. This “triad” archi-
tecture can serve as a heterosynaptic coincidence detector by
which activation of the DA terminal selectively influences the
simultaneously active converging glutamatergic input at the
level of individual spines.

3.2.  Subcellular localization of DA receptors
Molecular cloning of the five DA receptor genes and

subsequent developments of receptor subtype-specific anti-
bodies in the early 1990s permitted subcellular localization of
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Fig. 2 - Dopaminergic innervation architecture in the
striatum. (A) Topographic illustration of dopaminergic
synapses onto MSNs. MSNs receive dopaminergic input
from the midbrain and glutamatergic input from cortex or
thalamic regions. Depending on the subcellular regions on
which DA terminals synapse, three distinct types,
including axosomatic (a), axodendritic (b), or axospinous
(c) are formed. This pattern is believed to exist for neurons
in other DA target regions as well. Modified from Ref. [93].
(B) Synaptic triad. A MSN spine is contacted by a
glutamatergic terminal at the head and a dopaminergic
terminal at the neck. Postsynaptic D1- and D2-class
receptors, presynaptic D2-class autoreceptors, and DAT
localized in perisynaptic sites are depicted. DA released at
the synaptic cleft can diffuse a distance (r) in the
extrasynaptic space before being uptaken by DAT. (C)
Kinetics of DA diffusion in the extracellular space. DA
concentration at a receptor site resulting from the
exocytosis of one DA vesicle in a release site located at a
distance r = 1.5 pm (upper). The DA concentration reaches
its maximum at a time that depends on the square of the
distance (lower curve). In the striatum, DA has a measured
half-life of 74 ms, which permits DA to diffuse for a
maximal distance of 12 pm. Modified from Ref. [31].
Abbreviations: MSN, medium spiny neuron; DAT, DA
transporter; PSD, postsynaptic density.

these receptors by electron microscopy. The D1 receptor is
expressed in multiple brain regions, including the cortex,
hippocampus, amygdale, and most intensively, the striatum,
olfactory bulb, and substantial nigra [11]. In the striatum, the
D1 receptor is expressed in ~50% of MSNs, i.e. the striatonigral
neurons that are associated with the direct pathway of the
basal ganglion circuitry [38]. These receptors are localized
primarily in the spine heads, shafts, and less commonly soma
of MSNs [11-14]. In the cortex and hippocampus, D1 receptors
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are present in a subpopulation of interneurons [33], but are
primarily expressed in pyramidal neurons, with a predomi-
nant subcellular localization in the spines of apical dendrites
[14]. D5 receptors, while co-expressed with D1 receptors in
cortical pyramidal neurons, are predominately localized in
shafts [14], where inhibitory gamma-aminobutyric acid
(GABA)-containing neurons form major postsynaptic contacts
[34]. The segregation of D1 and D5 at the subcellular level
suggests that these closely related receptors may mediate
distinct excitatory and inhibitory functions, respectively.

The expression and localization of D2-class receptors have
also been investigated at the cellular and subcellular levels
[11-13,35-37,39,40]. D2 receptors, the predominant subtype of
this class, are localized in both pre- and postsynaptic
structures. Presynaptically, D2 receptors are associated with
both forebrain-projecting dopaminergic afferents and gluta-
matergic terminals in the striatum and prefrontal cortex.
Postsynaptically, D2 receptors are concentrated in shafts and
spines of both cortical pyramidal neurons and striatopallidal
MSNs. While displaying similar postsynaptic localization
profiles, D1 and D2 receptors appear to be distributed in
distinct populations of spines, atleastin the striatum [12]. This
distribution may reflect the segregation of D1 and D2 into the
direct and the indirect striatal pathways [38], respectively,
rather than a differential transport of these receptors to
specific spines within the same neurons. The D4 receptor,
known to have an unusually high affinity for the atypical
neuroleptical clozapine, is also localized in the shafts and
spines of MSNs in the rat nucleus accumbens and pyramidal
neurons in primate cerebral cortex [39,40]. The majority of D4
receptors, however, appears to be presynaptic and is
expressed in GABAergic interneurons in the cortical, sub-
cortical, and basal ganglion circuits [40]. Hence, D2-class
receptors likely serve both pre- and postsynaptic functions.

At least three lines of evidence show that DA receptors in
dendritic spines are associated with PSD. First, Western blot
studies consistently detect a substantial amount of D1 and D2
receptors in purified PSD fractions [41-43]. Second, DA
receptors interact and co-localize with a number of PSD
proteins in dendritic spines (see Section 6). Finally, immuno-
peroxidase electron microscopy reveals that PSD is intensively
decorated with DA receptor immunoreactive complexes [11]. It
is noteworthy, however, that pre-embedding immunogold
electron microscopy shows that PSD is only modestly labeled
by D1 and D2 receptor antibodies [12,13] and that in the
primate PFC, D1 receptors appear to be displaced to the side of
the asymmetric synapse [14]. These findings could be due to
the low sensitivity of pre-embedding techniques to detecting
PSD antigens. Post-embedding immunogold electron micro-
scopy may help clarify this issue, and additional biochemical
studies are needed to determine the strength of DA receptor
association with PSD, as well as the mechanisms mediating
the association.

3.3.  Spine DA receptors mediate extrasynaptic
transmission

Despite their presence in spines, the majority of postsynaptic
DA receptors do not directly oppose, but are rather distant
from, dopaminergic terminal varicosities in DA target areas

[11,17]. Dopaminergic transmission is hence characterized
predominantly as non-synaptic or extrasynaptic volume
transmission (Fig. 2B). Dopaminergic neurons exhibit two
activity patterns: tonic and phasic. At rest, these neurons fire
tonically at low frequencies, evoking DA release at active
varicosities. The released DA can diffuse a few micrometers
away from its release sites before being taken up by DA
transporters (DATs) localized presynaptically outside of
synaptic contacts [44]. The relatively slow dynamics of
reuptake allows DA to invade the extrasynaptic space for a
maximum of 12 pm [31,45] (Fig. 2C), supplying a sustained,
nearly homogenous, DA concentrations in the 10-nM range.
This ambient concentration, which primarily acts on the D2
receptors in their high affinity state in the striatum [46], is
believed to play an enabling role in movement, cognition, and
motivation [47]. In addition to this tonic signaling, most
dopaminergic neurons show phasic activation following
primary rewards or environmental cues, with latencies of
50-110 ms and durations of <200 ms. This phasic activation
leads to spatially localized (4-12 um within each activated
axonal varicosity) and temporally restricted (500-600 ms) “DA
waves” (peaking at 150400 nM) in the striatum [47]. These
waves can propagate out of the synaptic clefts before being
extinguished by clearance mechanisms [31] (Fig. 2B and C).
Lower DA tone and more diffused extrasynaptic DA waves
may occur in the frontal cortex, where both the DA release
sites and transporters are sparser. This phasic DA signaling
mediates DA’s limited spatial and temporal specificity and is
presumably responsible for associating glutamatergic and
dopaminergic information during reward or working memory
tasks. The dynamics of the extrasynaptic volume transmis-
sion allows both tonic and phasic DA signaling to be detected
and processed with remarkable efficiency.

4. Targeting and trafficking of DA receptors in
dendritic spines

4.1. Dynamic trapping: a potential mechanism for DA
receptor enrichment in spines?

Studies of a variety of neurotransmitter receptors have
strengthened the view that receptor accumulation at synapses
results from “dynamic trapping” of receptors by the submem-
branous PSD protein network [28]. The confinement of
receptors, which are mobile even within synapses, may be
achieved by the interactions with scaffolding proteins and other
obstacles as well as by weak molecular interactions that act as
steric hinderers or by inter-molecular attractive potentials.
Single molecule tracking techniques have demonstrated that
receptors can enter or exit the synapse via “lateral diffusion”
through the perisynaptic space, providing a potential mechan-
ism underlying changes in receptor number at the synapse [30].
The number of receptors within synapses under basal condition
(the equilibrium set point) is determined by the number of
scaffolding molecules and by cellular mechanisms thatregulate
the influx and efflux of receptors. Neuronal activity disturbs this
equilibrium, and during activity-dependent synaptic modifica-
tion a new equilibrium set point may be established. In
particular, extrasynaptic receptors may enter the synapse
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and integrate into the PSD, leading to long-term potentiation
(LTP). Conversely, synaptic receptors may dissociate from the
PSD and move to the extrasynaptic membrane, resulting in
long-term depression (LTD) [28,30].

This dynamic trapping scheme, which is based primarily on
studies of fast neurotransmitters (e.g. glutamate, GABA, and
glycine), may also apply to DA receptors. In cultured rat striatal
slices, D1 receptors laterally diffuse in the dendritic plasma
membrane and their mobility appears to be confined by ligand-
occupied NMDARs, perhaps mediated by a direct D1I-NMDAR
interaction [48]. Interestingly, the action of NMDA in the
synaptic recruitment of D1 receptors appears to be independent
of Ca®* flow through the NMDAR channel, but instead depends
on an allosterical modification of NMDARSs. Thus, NMDARs can
act as scaffolds to recruit laterally diffusing D1 receptors to
spines, providing a probable mechanism by which DA receptors
can be enriched in the PSD [48].

4.2.  Local DA receptor trafficking in spines

Endocytosis is a ubiquitous mechanism that allows cells to
absorb external nutrients and regulate the level of specific cell-
surface proteins. DA receptors, like most GPCRs, internalize
via the dynamin-dependent, clathrin-mediated endocytic
pathway [43] (Fig. 1B). Endocytosis occurs frequently in
dendritic shafts, and core endocytic proteins, including
adaptor protein 2 (AP-2), clathrin, and dynamin-3, are present
in the spine heads [49]. These proteins are systematically
arrayed near, but not at, the PSD, to form stable endocytic
zones near the PSD in the spine head [30]. The localization of
these endocytic zones suggests that spine components are
internalized locally within spines. This local endocytic
machinery may mediate the constitutive and activity-depen-
dent trafficking of AMPARs in spines and may play a role in
synaptic plasticity [30].

Immunogold localization of D1 receptors in rat nucleus
accumbens following the administration of D1 agonists,
however, reveals internalized D1 receptors associated with
endocytic vesicles or endosomes in cell bodies and dendrites,
but not spines [50]. In addition, snap shots of D2 receptor
trafficking using high-resolution immunoelectron microscopy
in the primate PFC have yet to capture any endocytosing or
postendocytosing D2 receptors in spines; in contrast, clathrin-
dependent endocytosis of D2 receptors in dendrites has been
observed [51]. These observations raise the intriguing possi-
bility that spine DA receptors may not internalize via the
clathrin-dependent endocytic pathway in these cells. How-
ever, how do spine receptors adjust their responsiveness and
signalingin response to constant or phasic DA stimulation? Do
they desensitize at all? These questions are fundamentally
important and await future investigations.

5. DA signaling in spines

Decades of investigation have elucidated a number of details
concerning the molecular, cellular, biochemical, and pharma-
cological basis of DA signaling [1,2,4]. Direct assessment of DA
signaling in spines, however, is essentially lacking. It is not
known, for example, which second messenger systems are

linked to DA receptors in spines and what signaling systems
they engage. There are several fundamental obstacles that
hinder direct assessments of these questions. First, DA
transmission is mediated not by the rapid opening of ligand-
gated receptor channels, but through complex sequences of
biochemical reactions involving second messengers, protein
kinases, and protein phosphatases, thus preventing a direct
application of electrophysiological approaches. Furthermore,
spines are generally inaccessible to microelectrodes, making
direct study of DA actions difficult. Finally, the lack of validated
methods to isolate/purify dendritic spines prevents the appli-
cation of conventional biochemical and pharmacological
approaches. These barriers notwithstanding, the available
anatomical and functional evidence makes it highly likely that
DA receptors in dendritic spines are functional and participate
in DA signaling.

5.1. Anatomical evidence

Key components that mediate DA signaling (Fig. 1) are well
represented in dendritic spines. Multiple Ca®>*/CaM-dependent
and -independent adenylate cyclases, the first enzyme in the
pathway that synthesizes cAMP, are spatially confined to the
PSD and the spine head [52]. Other essential intermediates and
effectors of G protein-coupled signaling systems, including
heterotrimeric G proteins (Gai in particular), cAMP-dependent
phosphodiesterase, PKA and their anchoring proteins, Ca**-
responsive signaling molecules (e.g. CaM, CaM kinases, and
PKC), major protein phosphatases (PP-1, PP-2A, and PP-2B),
and components of the mitogen-activated protein kinase
(MAPK) cascades, are also concentrated in the PSD and the
spine head [21-23]. Many of these elements are strategically
clustered at NMDARs and Ca?* channels and could directly
regulate synaptic transmission and plasticity. Ca®* stores are
also present in spines [19], making it possible for spine D2-
class receptors to regulate local Ca®* levels through post-
synaptic phospholipase C-B (PLC-B) signaling. Recent char-
acterization of DA receptor-interacting proteins (DRIPs, see
below) has also identified a novel spine-localized D2 receptor-
interacting protein, neuronal calcium sensor-1 (NCS-1) [53].
NCS-1 is a mammalian ortholog of the Drosophila Ca**-
binding protein frequenin known to play a role in synaptic
transmission, and NCS-1 inhibits D2 signaling in heterologous
cells [53]. The apparent clustering of this rich repertoire of
local signaling systems in dendritic spines suggests not only
that the primary structural information has been encoded to
render the cAMP/Ca?*-dependent systems responsive to spine
DA receptor activation, but also that effectors are in place to
permit these signals to be propagated.

5.2. Functional evidence

The following is a highly abbreviated summary of evidence
supporting the existence of functional DA receptors in
dendritic spines. We restrict our focus to electrophysiological
studies in which synaptically evoked events were analyzed
and dopaminergic actions could be carefully attributed to the
postsynaptic site. For detailed reviews of DA modulation of
receptor activity, neuronal excitability, and synaptic function,
see Refs. [6-9].
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5.2.1. DA modulation of postsynaptic responses

Brief bath application of low concentrations of D1l-class
agonists led to delayed onset and prolonged potentiation of
NMDAR-mediated excitatory postsynaptic current (EPSC) in
layer V PFC neurons. This potentiation was attributed to the
activation of postsynaptic D1-class receptors [54] and is
consistent with the involvement of postsynaptic cAMP
signaling [7]. Similarly, in upper cortical layers (II/III), DA,
acting on postsynaptic D1-class receptors, enhanced both
NMDAR- and AMPAR-mediated EPSCs, and these enhance-
ments depended on postsynaptic Ca?*, PKA, and CaMKII
signaling [55]. In contrast, activation of the postsynaptic D4
receptor in the PFC suppressed NMDA EPSC through inhibition
of PKA, activation of PP-1, and reduction of CaMKII activity
[56]. In hippocampal slices, selective activation of postsynap-
tic D1-class receptors potentiated both NMDAR- and AMPAR-
mediated EPSCs in CA1 cells in a Ca®*-dependent manner [57].
In the nucleus accumbens, most studies report that DA
attenuates corticoaccumbal glutamatergic input by acting on
D1-class receptors [6]. This attenuation, according to one
proposed mechanism, is mediated by an inhibitory feedback
action of adenosine, liberated following the facilitation of
NMDARs by Dl-mediated PKC activation in postsynaptic
neurons [58]. However, this view remains controversial [59].
In the dorsal striatum, DA does not seem to have direct effects
on postsynaptic NMDARs and AMPARSs. Instead, postsynaptic
DA receptors may regulate voltage-activated ion channels
localized in spines (e.g. L-type Ca®* channels) to indirectly
regulate NMDAR- or AMPAR-mediated responses (reviewed in
Refs. [6,7]).

5.2.2. DA modulation of synaptic plasticity

Postsynaptic DA receptors play facilitating or permissive roles
in synaptic plasticity in most DA target regions. In hippo-
campal slices, blockade of D1-class receptors attenuated, and
activation of them enhanced the early (<60 min) [60] and the
late (>2 h), protein synthesis-dependent maintenance phases
of LTP in CA1 synapses in a cAMP-dependent manner [61]. In
addition, activation of D1-class receptors lowered the thresh-
old for both LTP and LTD at CAl synapses in vivo [62].
Similarly, in deep layer PFC synapses and hippocampal-PFC
synapses, agonists of D1-class receptors facilitated, whereas
antagonists impaired, NMDAR-dependent LTP via cAMP-
dependent mechanisms [63,64]. Acting at both D1- and D2-
class receptors, DA at high concentrations facilitates LTD,
whereas at low concentrations promotes LTP [65]. These DA
actions are likely mediated by the MAPK system downstream
of cAMP signaling [65]. In the striatum, the role of DA in
corticostriatal synaptic plasticity seems
(reviewed in Ref. [9]). The predominant form of plasticity in
this region is the high-frequency stimulation-induced, endo-
cannabinoid-mediated LTD. Itis generally agreed that this LTD
depends on activation of both D1- and D2-class receptors [9].
However, opinions differ with respect to the cell types that
express this plasticity (striatopallidal vs. striatonigral), the
sites of dopaminergic action (spines on postsynaptic MSN vs.
presynaptic cholinergic interneurons), and the signaling
mechanisms [66,67]. NMDAR-dependent striatal LTP can also
be induced by high-frequency stimulation of corticostriatal
glutamatergic inputs. This LTP requires D1-class receptors and

more crucial

is mediated by the postsynaptic cAMP/PKA/DA and cyclic
adenosine 3',5-monophosphate-regulated phosphoprotein,
32kDa (DARPP-32) cascade [9]. Taken as a whole, these
findings suggest that DA receptors in dendritic spines are
the most likely candidates for the postsynaptic DA modula-
tions, although the exact signaling steps remain less well
defined. However, because none of the studies to date have
clearly defined the precise sites of DA actions, the contribution
of extraspinous DA signaling cannot be excluded.

6. DA receptor-interacting proteins (DRIPs)

As mentioned previously, the mechanisms regulating DA
receptor targeting, trafficking, and signaling in dendritic
spines are largely unexplored. Recent studies, however, have
identified a family of proteins that associate with different
subtypes of DA receptors, which could help elucidate these
underlying mechanisms.

As members of the seven-TM GPCR family, DA receptors
reside in the plasma membrane with three extracellular and
three intracellular loops (ILs) linking the seven TM domains
(Fig. 3). D1- and D2-class receptors differ in the length of their
intracellular segments. D1-class receptors have short IL3s and
long carboxyl terminal cytoplasmic tails, whereas D2-class
receptors have long IL3s and short carboxyl terminal tails
(Fig. 3). Besides short peptide sequences involved in G protein
and arrestin binding, the remaining portions of these
intracellular domains are presumably free to interact with
other proteins. Using approaches such as co-immunoprecipi-
tation and the yeast two-hybrid system, an increasing number
of DRIPs are being identified [41-43,53,68-83]. The confirmed
DRIPs and their suggested functions are summarized in
Table 1. Consistent with the low homology among different
DA receptor intracellular segments (Fig. 3A), distinct sets of
DRIPs associate with different receptor subtypes, suggesting
that different receptors associate with distinct molecular
complexes (Fig. 3B). DRIPs interact primarily with the carboxyl
terminal tails of D1-class receptors or the IL3s of D2-class
receptors. These proteins can be further classified into several
functional categories, including scaffolds and adaptors,
signaling proteins, receptors and channels, and cytoskeletal
components (Table 1). Functional studies suggest that DRIPs
are involved in various aspects of DA receptor synthesis,
trafficking, targeting, signaling, and crosstalk with other
signaling systems. Significantly, a subset of DRIPs is concen-
trated in dendritic spines or PSD. These dendritic spine/PSD
DRIPs could conceivably anchor DA receptors at the mem-
brane-associated cytoskeleton, affect the equilibrium set
point of DA receptors in the synapse, regulate local DA
signaling, and mediate the interactions between DA receptors
and other signaling modalities in the PSD and spines.

6.1. D1 DRIPs in dendritic spines

A number of scaffolding, receptor, and cytoskeletal DRIPs
present in the PSD have been shown to interact with D1-class
receptors. Neurofilament-M (NF-M), a major cytoskeletal
element implicated in axonal and dendritic transport, has
been shown to interact via IL3 with the D1 receptor [79]. In
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Fig. 3 - DA receptors and their associating proteins. (A) Amino acid alignment of the human DA receptors. Identical residues
are shown in red. Asparagine residues that form part of N-linked glycosylation consensus sequences are shown in blue.
The DRY/F motif immediately following TM3 involved in interaction with G protein and B-arrestin is highlighted in yellow.
Amino acids involved in agonist binding are shaded with purple. The conserved cysteine residue in the proximal region of
carboxyl tails potentially involved in anchoring the receptors to the plasma membrane following palmitoylation is
highlighted in green. The conserved carboxy-terminal hydrophobic ER-transport motif (FxxxFxxxF) is shaded with grey.
CaM/Par-4 binding site on D2 is coded with orange. Putative SH3 binding domains (PxxP repeats) on D4 are coded with light
blue. A 29-amino-acid segment present in D2L, but not in D2S, is indicated in green. Black bars represent putative TM
domains. (B) Schematic illustrations of DA receptor topology and identified proteins interacting with different intracellular
fragments of these receptors. Detailed information about these DRIPs is summarized in Table 1. Abbreviations: TM,
transmembrane; CaM, calmodulin; Par-4, prostate apoptosis response 4; D2L, D2 receptor long isoform; D2S, D2 receptor
short isoform; ER, endoplasmic reticulum; SH3, Src homology 3.
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Table 1 - Dopamine receptor-interacting proteins (DRIPs)

Proteins and categories Confirmed Interaction Effects on DA receptor Localized in PSD  References
interaction motif or spine??
Scaffolds and adaptors
PSD-95 D1 CT Internalization PSD [43]
Spinophilin D2 IL3 Organize D2 signaling in PSD PSD [68]
NCK D4 IL3 Internalization PSD [69]
Grb2 D3, D4 IL3 Internalization PSD [69]
DRIP78 D1 CT ER export Unknown [70]
NSF D2 IL3 Uncouples D2 modulation PSD [71]
of AMPAR trafficking
Signaling
Calmodulin D2 IL3 Ca?" and cAMP signaling PSD [72]
NCS-1 D2, D3, D5 CT Desensitization, Ca®* signaling Spine [53]
Receptors and channels
NMDAR NR1-1a D1 CT Trafficking and targeting PSD [73]
NMDAR NR2A D1 CT Trafficking PSD [73]
NMDAR NR2B D2 IL3 CaMKII signaling PSD [42]
GABAAR D5 CT cAMP signaling No [74]
A1R D1 Unknown cAMP signaling Unknown [75]
A2R D2 Unknown Desensitization and Spine [76]
internalization
SSTR5 D2 Unknown cAMP signaling Unknown [77]
KIR3 D2, D4 Unknown Unknown Spine [78]
Cytoskeleton
NF-M D1, D5 IL3 Internalization PSD [79]
4.1N (also R, B, G) D2, D3 IL3 Cell surface expression PSD [80]
Filamin A (ABP-280) D2, D3 IL3 Cell surface expression; Spine [81]
signaling
Gamma-COP D1 CT ER transport Unknown [82]
Apoptosis
PAR-4 D2 IL3 Desensitization and signaling Unknown [83]

Only proteins that interact directly with DA receptors are listed. DA receptors are also known to form homo- or heterodimers. DRIPs are
classified based on their original functions. References are limited to those that reported the relevant protein interactions. Abbreviations not
covered in text: Grb2, growth factor receptor-bound protein 2; DRIP78, dopamine receptor-interacting protein 78; NSF, N-ethylmaleimide-
sensitive factor; GABAAR, GABAA receptor; A1R, adenosine A1l receptor; A2R, adenosine A2A receptor; SSTR5, somatostatin sst5 receptor; KIR3,
inwardly rectifying K channel; gamma-COP, gamma subunit of the coatomer protein complex; PAR-4, prostate apoptosis response 4.

@ Whether a DRIP is localized in PSD or spine was determined by PubMed searches.

heterologous systems, NF-M reduces D1 receptor expression
at the cell surface and promotes receptor accumulation in the
cytosol. Surprisingly, it also inhibits agonist-induced D1
receptor desensitization, suggesting dual roles for NF-M in
limiting receptor number at the cell surface and intracellular
trafficking.

Recent studies emphasize physical interactions between
D1-class receptors and glutamate receptors independent of
the classical second messenger systems. D1, but not D5
receptors, can interact with NMDAR subunit 1 (NR1) and
subunit 2A (NR2A), but not subunit 2B (NR2B) through the C-
terminal tails of these receptors [73]. These direct protein-
protein interactions allow D1 receptors to inhibit, rather than
potentiate, NMDAR-mediated currents in cultured neurons.
Conversely, association with NMDARs modifies intracellular
D1 receptor trafficking in several ways. In heterologous cells,
co-expression of D1 with NR1 and NR2B (to make functional
NMDARS) abolished agonist-induced D1 receptor sequestra-
tion, suggesting that oligomerization with NMDARs could
regulate D1 receptor desensitization. In addition, oligomeriza-
tion with NMDARs facilitated D1 receptor targeting to the
plasma membrane. When D1 and NR1 were co-expressed in

individual cells in the absence of the NR2B subunit, both were
retained in cytoplasmic compartments. However, in the
presence of NR2B, the NR1-D1 receptor complex was translo-
cated to the plasma membrane, suggesting that D1 and
NMDARs were assembled within intracellular compartments
as constitutive heteromeric complexes [41]. In both hetero-
logous cells and cultured neurons, activation of NMDARs
recruited D1 receptors to the plasma membrane via a soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor (SNARE)-dependent mechanism, resulting in enhance-
ment of D1-mediated cAMP accumulation [84]. These studies,
while not entirely consistent mechanistically, all appear to
support direct D1I-NMDAR interaction.

In a phenotype-driven, microarray-based screen for
mechanisms underlying psychostimulant-elicited plasticity,
PSD-95 was identified as a regulator of DA signaling [85]. The
level of PSD-95 is reduced in the striatum of several mouse
models of DA supersensitivity, and mice lacking PSD-95 show
enhanced behavioral responses to the psychostimulants
cocaine and amphetamine [43,85]. The role of PSD-95 in DA
sensitivity is mediated by, atleast in part, its interaction with
the D1 receptor [43]. The D1-PSD-95 interaction does not
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require the well-characterized protein-protein interaction
domains of PSD-95, but is instead mediated by the carboxyl
terminal tail of the D1receptor and the N-terminus of PSD-95.
Co-expression of PSD-95 with D1 receptors in heterologous
cells promotes D1 receptor internalization via a dynamin-
dependent mechanism. Disruptions of the D1-PSD-95 inter-
action abolish the PSD-95-mediated enhancement of D1
endocytosis, demonstrating that the physical interaction is
responsible for enhanced D1 internalization. It remains to be
determined whether this mechanism holds true in vivo and
whether PSD-95 acts as a scaffold to “stabilize” D1 receptors
in the PSD.

Given the well-established association of PSD-95 with
NMDARs and the concentration of this receptor-scaffold
complex in the synapse, the results described above suggest
that a tertiary protein complex containing the D1 receptor,
NMDAR and PSD-95 may exist in the brain to regulate
sorting and synaptic delivery of D1 receptors within spines.
It is interesting to note that PSD-95 facilitation of D1
endocytosis opposes the NR1-dependent facilitation of D1
exocytosis. This antagonistic mechanism may play a role in
D1-NMDAR interaction by de-coupling the positive feedback
loop formed between NMDAR and the D1 receptor [86].
Specifically, D1 receptor activation potentiates NMDARSs via
the cAMP/PKA cascade [2]. On the other hand, NMDAR
activation enhances D1 receptor recruitment to the plasma
membrane. This positive feedback loop, if not controlled,
might result in concomitant overactivation of both the D1
and the NMDAR systems, perhaps triggering NMDAR- and
D1-dependent neurotoxicity and cell death [87,88]. Thus,
D1-PSD-95 interaction may serve as a mechanism to
counteract the NMDA-dependent surface delivery/ancho-
rage of D1 receptors, thus preventing excessive D1 inser-
tions to the synapse.

6.2. D2 DRIPs in dendritic spines

Several scaffolding, cytoskeletal, and receptor proteins in the
PSD interact with D2-class receptors. The actin binding protein
filamin A (ABP-280), a cytoskeleton-associated protein
involved in cell morphology and motility, interacts with the
IL3 of D2 and D3 receptors [81]. These same regions also
mediate the interaction of D2/D3 receptors with protein 4.1N,
the neuronal form of the 4.1 family of cytoskeletal proteins
implicated in linking the spectrin-actin cytoskeleton to the
plasma membrane [80]. Interactions with these structural
components may anchor D2-class receptors to the actin
cytoskeleton and stabilize them at the plasma membrane of
dendritic spines. Recent studies revealed a direct interaction
between D2 receptors and NR2B, which is mediated by the C-
terminus of NR2B and the IL3 of the D2 receptor [42]. This
interaction appears to modulate cocaine-elicited striatal NR2
phosphorylation and motor activities. Finally, the D2 receptor
interacts with spinophilin/neurabin-II (neuronal actin binding
protein II), an F-actin-associating postsynaptic scaffolding
protein in the PSD [68]. Spinophilin itself interacts with PP-1,
the major protein phosphatase in spines. The D2/spinophilin/
PP-1 complex may provide a platform that links D2 receptors
to the actin cytoskeleton and downstream PP-1 signaling in
dendritic spines.

7. Dendritic spine DA receptors: hypothetical
models and behavioral implications

Dopaminergic terminal fibers form symmetric synapses on
the neck of a subpopulation of dendritic spines. Although not
all spinesreceivinga glutamate afferentare contactedbyaDA
varicosity, spines that do receive a DA afferent invariably
receive an asymmetric glutamate input [17]. Thus, spines can
be classified as diads or triads, based on whether or not they
receive direct dopaminergic innervation. Both diads and
triads can have three possible configurations based on the
types of DA receptor they contain: D1-, D2-, and D1/D2-class-
containing spines (Fig. 4). It should be noted that although
spines containing either D1- or D2-class receptors exist [12],
spines that contain both classes of receptors have not been
reported. DA could statically or dynamically set the structu-
rally distinct spines at different states, which could mediate
the complex and state-dependent DA modulation of post-
synaptic target cells.

7.1. Diads

Synaptic diads (Fig. 4A) are considered traditional excitatory
synapses. Assuming that these synapses are beyond the DA
diffusion range from the nearest releasing sites, they may be
the principal synaptic detectors of background DA. As D1- and
D2-coupled signaling differs considerably, the dopaminergic
control of D1 and D2 diads should also differ. In addition, if D1-
and D2-class receptors are proved to reside in the same spines,
they would entitle these spines additional advantages: first, it
permits the well-documented D1-D2 synergy/antagonism to
occur at the level of individual spines; and second, given the
different affinities to and activation profiles of different DA
receptors by DA [46], these spines could code DA signaling at a
range of concentrations. Regardless of the mechanisms, the
same background DA tone may set D1-, D2-, and the putative
D1/D2-containing spines at distinct biochemical, physiologi-
cal, and activity states. Different basal states could determine
how individual synapses undergo different experience-depen-
dent changes [89].

7.2. Triads

Synaptic triads (Fig. 4B) can be considered as heterosynaptic
coincidence detectors of concurrently active dopaminergic
and glutamatergic inputs. The dimension of a typical spine is
well within the influence of DA waves generated at the neck of
the spine (Fig. 2B and C). Schultz [47] has detailed how phasic
DA signals can selectively modify a simultaneously active
cortical input at striatal triads, which can be generalized to
triads in other brain regions. Activation or inhibition of a DA
neuron leads to a global, spatially unselective increase or
decrease of DA release at most varicosities. Only those
synapses that are activated by excitatory glutamatergic inputs
at the same postsynaptic spines, however, would be influ-
enced by the DA signal, whereas synapses not activated by
coincident glutamatergic inputs would remain unchanged.
There may be certain temporal specificity of this associative
heterosynaptic modulation. Specifically, dopaminergic mod-
ifications of a glutamatergic input occur only when the DA
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Fig. 4 - DA receptor-containing spine configurations. Six hypothetical configurations, based on the putative classes of DA
receptors they contain, are grouped into diads (A) or triads (B). Diads are not directly contacted by dopaminergic terminals
and mainly serve as synaptic detectors of tonic DA signaling. Triads receive dopaminergic innervation at the spine neck
and may serve detectors for both tonic and phasic DA signals. D1-, D2-, and D1/D2-containing spines respond differently to
DA stimulation, thus may exhibit distinct synaptic physiology. D1 activation increases intraspine cAMP level, whereas D2
decreases it. D2 activation may contribute to spine Ca®* signaling. Font sizes represent hypothetic levels of cAMP or Ca**. (C)
Hypothetical MSNs (modified from Refs. [94,95]) populated with D1- (red), D2- (blue), or D1/D2-class-containing (red and
blue) spines. D1 and D2 on illustrations denote D1- and D2-class receptors, respectively.

input is active at about the same time as the glutamatergic
input, or immediately following it. In the case of the DA input
arriving after the glutamatergic input, the activated synapses
will be “labeled”, or “tagged”, for later modifications. However,
D1-, D2-, and D1/D2-containing triads could be differentially
tuned or tagged following each DA signal. By modulating the
postsynaptic activity, e.g. the dynamics of spike backpropaga-
tion through influencing the state of kinases and phosphatases,
dopaminergic modulation/tagging could dynamically set dif-
ferent triads at different activity states, which may determine
whether a synapse will be strengthened or weakened by activity
[90].

7.3.  Integrated dopaminergic modulation on neurons

The overall synaptic modulation of DA on a neuron is
determined by the spatial and temporal summation of DA
effect on all spines across the entire dendritic tree of the
neuron. Thus, neurons populated with different patterns of
D1-,D2-, and D1/D2-containing diads and triads (Fig. 4C) could
exhibit distinct cellular and synaptic properties, which could
also contribute to the inherited complexity and some apparent
contradictions regarding dopaminergic regulation of target
neurons, as is often observed (reviewed in Refs. [6,7]). Based
upon this analysis, one prediction is that D1-expressing MSNs
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in the striatonigral direct pathway and D2-expressing MSNs in
the indirect striatopallidal pathway may show distinct
physiological characteristic, e.g. intrinsic membrane excit-
ability, basal bistability, responses to DA modulation, and
plasticity. Recent studies using bacterial artificial chromo-
some (BAC) transgenic mice indeed support this idea [67,91].

7.4.  Behavioral and pathological implications of spine DA
receptor function

The putative triadic DA-glutamate coincidence detector may
provide a cellular substrate for cognitive processes gated or
enabled by DA, such as reward and working memory [47,92].
DA neurons are optimally activated by primary reward or
reward-predicting stimuli [47]. Cortical inputs may code
particular patterns of sensory information, e.g. smell, color,
texture, or movement related to the same rewarding event. DA
released in striatal triads following the phasic activation of DA
neurons might selectively strengthen or weaken the corticos-
triatal glutamatergic synapses activated by the reward-
associated sensory events, promoting reward.

In the PFC, neurons that display spatially tuned “memory
fields” are considered to be the cellular basis for working
memory [92]. During oculomotor-delayed response task, these
neurons increase firing when the behaving animals must
retain the location of a target during a delay period between
target presentation and time of response. D1 receptor
antagonists can selectively potentiate the memory fields of
these neurons but do not have effects on other cells [92]. These
findings suggest that there is a direct gating of selective
excitatory inputs to prefrontal neurons during cognition by
the D1 receptors specifically localized in spines that receive
inputs responsible for generating the delayed period activity
[17].

DA receptors in dendritic spines may play a significant role
in DA pathophysiology and diseases. DA dysfunction is
associated with major neurological and neuropsychiatric
disorders, such as Parkinson’s disease, Huntington’s disease,
schizophrenia, ADHD, and addiction [1,2]. Despite distinct
primary pathological characteristics for each disease, one
common feature is that they all impair certain aspects of
cognitive and motivational functions. Although DA-based
therapies are effective in alleviating some of the core
symptoms of these diseases, cognitive and motivational
deficits are often not fully restored. In addition, DA-based
pharmacological interventions often have severe unwanted
effects, such as psychosis and dyskinesias for Parkinson’s
disease and extrapyramidal side effects for schizophrenia.
Perhaps, alterations of phasic dopaminergic transmission
mediated exclusively at dendritic triads hold a key, because
while exogenous DA or DA-based pharmacotherapies can in
theory restore dopaminergic signaling at the diads and
extraspinous loci, they cannot in any simple manner restore
phasic information transmitted by neuronal impulses at the
synaptic triads. Considering that proper synaptic transmis-
sion and modulation at dendritic spines and synapses are
essential for normal cognitive and motivational functions,
abnormal spatial and temporal stimulation or inhibition of
spine DA receptors by exogenous means is not likely to
improve these functions.

8. Concluding remarks

DA receptors localized postsynaptically in dendritic spines
may exert heterosynaptic influences on synaptic transmission
and plasticity at the level of individual spines. This population
of DA receptors may be particularly important in mediating
the effect of DA in cognition, reward, and memory. The local
rules governing DA receptor localization, trafficking, and
anchorage in spines are poorly understood. The exact
signaling cascades coupled to different DA receptors in
dendritic spines also remain largely speculative. The precise
dopaminergic regulation of dendritic function and physiology
at single spines is essentially unexplored. Improved biochem-
ical, electrophysiological, single molecule imaging techniques
in individual spines should help address these issues.
Identification of novel molecules that associate with various
DA receptors, using candidate gene, yeast two-hybrid, and
mass spectrometry approaches, and characterizations of their
roles in DA receptor trafficking, targeting, and interaction with
other neurotransmitter systems within spines will facilitate
the understanding of the biology of spine DA receptors.
Progress along these lines is likely to uncover novel ther-
apeutic targets for the treatment of neurological and neu-
ropsychiatric disorders.
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