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m Abstract Dopamine-and cAMP-regulated phosphoprotein, Mr 32 kDa (DARPP-
32), was identified initially as a major target for dopamine and protein kinase A (PKA)
in striatum. However, recent advances now indicate that regulation of the state of
DARPP-32 phosphorylation provides a mechanism for integrating information arriv-
ing at dopaminoceptive neurons, in multiple brain regions, via a variety of neurotrans-
mitters, neuromodulators, neuropeptides, and steroid hormones. Activation of PKA or
PKG stimulates DARPP-32 phosphorylation at3tand thereby converts DARPP-32
into a potent inhibitor of protein phosphatase-1 (PP-1). DARPP-32 is also phosphory-
lated at Thf® by Cdk5 and this converts DARPP-32 into an inhibitor of PKA. Thus,
DARPP-32 has the unique property of being a dual-function protein, acting either
as an inhibitor of PP-1 or of PKA. The state of phosphorylation of DARPP-32 at
Thr¥* depends on the phosphorylation state of two serine residue$? Sed Set’,

which are phosphorylated by CK2 and CK1, respectively. By virtue of its ability to
modulate the activity of PP-1 and PKA, DARPP-32 is critically involved in regu-
lating electrophysiological, transcriptional, and behavioral responses to physiological
and pharmacological stimuli, including antidepressants, neuroleptics, and drugs of
abuse.

BIOCHEMISTRY OF DARPP-32

DARPP-32 was identified as a major target for dopamine-activated adenylyl cy-
clasein striatum (1, 2). Over the past 20 years, using a variety of molecular, cellular,
and functional approaches, DARPP-32 has been established as a crucial mediator
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of the biochemical, electrophysiological, transcriptional, and behavioral effects of
dopamine. In this review, we summarize recent studies of the biochemical proper-
ties of DARPP-32 and highlight the critical integrative role played by DARPP-32

in the actions of various other neurotransmitters, neuromodulators, neuropeptides,
and steroid hormones.

DARPP-32 Phosphorylated at Thr3 by PKA is a Potent Inhibitor
of the Multifunctional Serine/Threonine Phosphatase, PP-1

The amino acid sequence of DARPP-32 (3) revealed that it was similar to inhibitor-
1, an inhibitor of PP-1 initially identified in liver and skeletal muscle, but later
found to be expressed at low concentrations in various regions of the central
nervous system (4). DARPP-32 and inhibitor-1 share a high degree of amino
acid sequence identity within the first 40 amino acids and are phosphorylated
by protein kinase A at TRf and TheS, respectively. Phosphorylation by protein
kinase A (PKA) converts each protein into a potent high-affinity inhibitor of PP-1
with an G, of approximately 10° M (5). DARPP-32 is expressed in very high
concentration{50 ©M) in virtually all medium spiny neurons (6, 7), including
those in both the striatonigral and striatopallidal projection pathways. The total
concentration of all PP-1 isoforms in medium spiny neurons is likely less than
20 uM (8), and DARPP-32 can be phosphorylated at*fkith a stoichiometry

of up to 0.2 mol/mol in intact neurons following dopamingf@ceptor activation.
Thus, a substantial proportion of PP-1 activity will be inhibited in response to
dopaminergic regulation of medium spiny neurons 3fbf DARPP-32 is also an
excellent substrate for phosphorylation by protein kinase G (PKG) (9).

DARPP-32 Interacts With PP-1 Via a Docking Motif
Common to Many PP-1 Binding Proteins

A variety of structure-function studies have indicated that two domains of DARPP-
32 (and also inhibitor-1) are involved inits interaction with PP-1 (Figure 1) (10-13).
Aninhibitory domain, consisting of phospho-Phand the surrounding residues, is
likely to occupy, or bind close to, the active site of the enzyme in a manner in which
access to phosphorylated substrate is prevented. A second domain of DARPP-32,
consisting of residues 7-11 (KKIQF), interacts with PP-1 at a site removed from
the active site. Studies of anumber of PP-1 targeting subunits (11, 14) have revealed
that they contain a domain related to the KKIQF sequence and that this consti-
tutes a common structural motif involved in binding of DARPP-32 and the various
targeting proteins to PP-1. Identification of the PP-1 docking motif in DARPP-32
and other proteins has allowed the development of peptides that can antagonize the
interaction of phospho-DARPP-32 or targeting subunits with PP-1 (15-17). More-
over, the structural basis for the interaction of the docking motif with PP-1 has been
elucidated from x-ray crystallography studies (14). The determination of additional
details of the interactions of PP-1 with phospho-DARPP-32 may prove usefulin the



DARPP-32 271

development of nonpeptide inhibitors for treatment of disorders of dopamine
signaling pathways.

The presence of a conserved docking motif in DARPP-32 and many PP-1
targeting subunits predicts that there will be mutually exclusive binding of the
inhibitor and the targeting proteins to the catalytic subunit of PP-1. In particular,
competition between phospho-PHDARPP-32 and the PP-1 targeting proteins
spinophilin and neurabin is important for regulation of PP-1 at postsynaptic sites
in medium spiny neurons (18).

DARPP-32 Function is Regulated by Phosphorylation
at Multiple Sites

Although the first 40 amino acids at the Bltérmini of DARPP-32 and inhibitor-1

are very similar, the rest of the proteins are unrelated, and several different types of
biochemical approaches have revealed that the remaining COOH-terminal portion
of DARPP-32 serves as a substrate for three distinct protein kinases, namely cdk5,
CK1, and CK2. In intact neurons, DARPP-32 is highly phosphorylated af&Ser
and Sel*” under basal conditions. S&tis phosphorylated by CK2 and S$&tis
phosphorylated by CK1 (Figure 1). In vitro, phosphorylation of-Saf DARPP-

32 increases the efficiency of phosphorylation of 3fHyy PKA but not PKG

(19). In vitro, phosphorylation of SE decreases the rate of dephosphorylation

of Thr3* by PP-2B, and in striatal slices, DARPP-32 phosphorylated atSer

is phosphorylated to a higher level at ¥h(10, 20). The overall consequence

of phosphorylation of DARPP-32 by CK1 or CK2 in intact cells is to increase
the state of phosphorylation of Tr Thus, the physiological role of these two
phosphorylation events is to potentiate D1 dopaminergic signaling through the
DARPP-32/PP-1 pathway.

Biochemical studies indicate that This present within a consensus phospho-
rylation site for proline-directed kinases, and initial in vitro studies demonstrate
that DARPP-32 is an efficient substrate for cdc2 kinase. In postmitotic neurons,
cdc2 kinase is not active. However, cdk5, a cyclin-dependent kinase family mem-
ber, which is activated by the noncyclin cofactor p35, is highly expressed (21). A
variety of studies, including the observation that Plaf DARPP-32 was phos-
phorylated to a low level in striatal homogenates obtained from—35mice,
confirmed that DARPP-32 was a physiological target for cdk5/p35 (22). In vitro,
phosphorylation of DARPP-32 at TRrdoes not alter the kinetics of phospho-
rylation by either CK1 or CK2. However, phosphorylation of Trinas a major
inhibitory effect on the phosphorylation of Ty PKA. DARPP-32 phospho-
rylated at Thf® also inhibits the phosphorylation of exogenous substrates, such
as inhibitor-1, ARPP-16, and ARPP-21 (two PKA substrates also enriched in
the striatum), whereas unphosphorylated DARPP-32 has no effect. The level of
phosphorylation of THP in intact striatal tissue was found to b&.26 mol/mol,
equivalent to a concentration 613 uM, and is at a level that is in excess of
the K; for PKA observed in vitro (Kof ~2.7 uM using ARPP-21 as substrate).
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These biochemical studies therefore suggested that phosphorylation of DARPP-32
by cdk5 would inhibit PKA-mediated phosphorylation in intact striatal neurons.
The resultant decrease in phosphorylation oftaf DARPP-32 would inhibit @
dopamine signaling through the DARPP-32/PP-1 cascade. As described in more
detail below, these possibilities were confirmed in a number of studies in intact
neurons. Taken together, the results suggest that DARPP-32 can function either
as an inhibitor of PP-1 (when phosphorylated at*hhor as an inhibitor of PKA
(when phosphorylated at TH.

Dephosphorylation of DARPP-32 and Its Role in a
Protein Phosphatase Cascade

In vitro, PP-2B (also known as calcineurin) has been shown to be the most effec-
tive phosphatase in dephosphorylating phosphd“T@s, 24). However, studies
both in vitro and in intact neurons indicate that PP-2A can also dephosphorylate
this site (see below). In vitro, phospho-This most effectively dephosphory-
lated by PP-2A (24), and studies in intact neurons suggest that specific, regulated
PP2A isoforms are likely to be involved in the dephosphorylation of this site
(24). In vitro and in intact cells, phospho-$¥iis preferentially dephosphorylated
by PP-2C (25). In vitro, phospho-S&is most efficiently dephosphorylated by
PP-2A, although PP-1 also shows significant ability to dephosphorylate this site
(19). Interestingly, prior phosphorylation of Finhibits the dephosphorylation
of phospho-Séf? by PP-2A (19), further suggesting that dephosphorylation of
specific sites in DARPP-32 may be influenced by the state of phosphorylation of
other sites. The identity of the phosphatase that dephosphorylates phosplié-Ser-
in intact neurons remains to be characterized.

The finding that Sé?” phosphorylation influences the ability of PP-2B to act
on Thi¥4(see above) reveals a hierarchical relationship among PP-2C, PP-2B, and
PP-1. Thus, PP-2C activity toward $&iincreases the ability of PP-2B to dephos-
phorylate phospho-TFt. In turn, dephosphorylation of T¥Hrby PP-2B leads to
generation of active PP-1. Several protein kinase cascades have been described
that are critical for signal amplification or for the integration of multiple inputs
from distinct extracellular messengers. The hierarchical relationship of the various
phosphatases acting on or inhibited by phospho-DARPP-32 is mechanistically dis-
tinct from those classical kinase cascades. However, the physiological relationship
between PP-2C, PP-2B, and PP-1, which involves DARPP-32, would likely result
in a protein phosphatase cascade.

DISTRIBUTION OF DARPP-32 IN THE BRAIN

The distribution of the DARPP-32 protein and mRNA has been studied using
various immunological techniques, in situ hybridization, and northern blotting.
Anatomical studies have been conducted in several different species, including



DARPP-32 273

mice, rats, monkeys, and humans. In general, the distribution of DARPP-32 is
very similar in these species, suggesting that it may be relevant to extrapolate
functional data obtained in rodents to man. A prominent aspect of the distribution
of DARPP-32 is its high enrichment in dopaminoceptive neurons.

Expression of DARPP-32 During Ontogeny

DARPP-32 is detected in dopaminoceptive regions from gestational day 14-16 in
the rat (26). The arrival of tyrosine hydroxylase-immunoreactive axon terminals
follows the appearance of DARPP-32, and lesion studies have shown that the de-
velopment of DARPP-32 is independent of dopaminergic innervation (26, 27). An
early appearance of DARPP-32 has also been found in human fetuses. DARPP-32
protein is detectable in the human anlage for striatal neurons as early as seven
weeks of gestation (28). DARPP-32 is enriched in striosomes during development
both in rats (26) and in humans (28). The functional implications of this pattern
of DARPP-32 during ontogeny are not understood. At later postnatal stages, the
distribution of DARPP-32 in the striatum becomes homogeneous in rodents and
humans. In rodents, the level of DARPP-32 increases at birth and reaches adult
levels approximately three weeks postnatally. The early and defined appearance
of DARPP-32 suggests that it may influence specific aspects of neuronal differ-
entiation and synaptogenesis. However, the gross morphology of the striatum, as
well as other parts of the brain, appear normal in mutant mice lacking DARPP-32
(29).

Distribution of DARPP-32 in the Adult Brain

DARPP-32 is localized, with few exceptions, to regions that receive dopaminergic
innervation. A detailed immunohistochemical study in the rat brain demonstrated
that the highest levels of DARPP-32 are found in caudatoputamen, nucleus ac-
cumbens, olfactory tubercle, bed nucleus of stria terminalis, and portions of the
amygdaloid complex (7). These brain regions send projections to various target
areas, including globus pallidus, ventral pallidum, the entopeduncular nucleus, and
substantia nigra pars reticulata. Within these target areas, high levels of DARPP-32
are found in nerve terminals. Moderate levels of DARPP-32 are found throughout
the neocortex, with particular enrichment in layers Il, Ill, and VI. There are also
moderate levels of DARPP-32 in several subregions of hypothalamus, including
the median eminence, arcuate nucleus, and the medial habenula (7). DARPP-32
is also found in some areas that receive sparse, if any, dopaminergic innervation,
of which the Purkinje cells of the cerebellum and the choroid plexus are the most
notable. A pattern of distribution of DARPP-32 very similar to that described in
the rat brain was found in the primate brain (30). The cloning of the DARPP-
32 gene (31, 32) enabled studies on the distribution of DARPP-32 mRNA (33).
The results obtained in these studies largely confirmed the immunohistochemical
studies.
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Striatum as Part of the Basal Ganglia

The basal ganglia are composed of several subcortical nuclei, including the striatum
(the caudate putamen and the nucleus accumbens), the globus pallidus (external
part of pallidum in primates), the entopeduncular nucleus (internal part of pal-
lidum in primates), the subthalamic nucleus, and the substantia nigra. The basal
ganglia play a critical role in the integration of sensorimotor, associative, and
limbic information to produce motor behaviors.

The striatum is a central component of the basal ganglia as it integrates ex-
citatory glutamatergic inputs, predominantly from the cortex and thalamus, with
dopaminergic and serotonergic inputs from mesencephalon, and sends projections
to the output structures of the basal ganglia (Figure 2). The cortical inputs to the
striatum originate from glutamatergic pyramidal neurons that arise from most areas
of the cortex (34). They project in a topographically well-organized manner so that
they define functionally distinct regions of the striatum. Inputs from sensorimotor
areas principally innervate the dorsal part of the striatum, whereas inputs from
limbic cortical areas terminate in the ventral area (35). At the ultrastructural level,
the excitatory cortical projection neurons have been shown to form asymmetric
contacts on dendritic spines of striatal neurons.

The striatum is the major target for dopaminergic neurons in the CNS. The
dopaminergic input to the striatum is topographically organized so that the ventral
tegmental area predominantly innervates the nucleus accumbens, whereas the sub-
stantia nigra pars compacta preferentially innervates the caudate putamen (Figure
2) (36). There is a moderate serotonergic innervation of the striatum (Figure 2)
(37), which is more dense in the nucleus accumbens than in the caudate-putamen.
The serotonergic input to the striatum is less organized than the glutamatergic and
dopaminergic inputs.

Neuronal Subpopulations of Striatal Neurons

The medium-sized spiny neurons, which constitute the major cell type (95%)
in the striatum, are inhibitory and utilize GABA as their major neurotransmitter
(38). These GABAergic neurons are homogeneously distributed in the striatum.
Detailed anatomical analyses have demonstrated that they can be divided into
two equally large subpopulations based on their peptide content and their pro-
jection areas (Figure 2) (39, 40). One subpopulation contains substance P and
dynorphin and projects directly to substantia nigra pars reticulata and the entope-
duncular nucleus (the direct striatonigral pathway). The other subpopulation con-
tains enkephalin and projects indirectly to these structures via relays in the globus
pallidus and subthalamic nucleus (the indirect striatopallidal pathway). Medium-
sized spiny projection neurons also send axon collaterals within the striatum
(41).

The remaining 5% of the striatal neurons are composed of aspiny interneurons,
which are divided in two major classes based on distinct morphological and neuro-
chemical characteristics: the large-sized cholinergic neurons and the medium-sized
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GABAergic neurons (42). The GABAergic interneurons can be further subdivided
according to their neuropeptide content.

Phenotypical Characterization of Striatal Neurons
Expressing DARPP-32

By using morphological criteria, dual labeling methods, and retrograde tracing, it
has been demonstrated that DARPP-32 is found in a great majority of the medium-
sized spiny neurons in rodents as well as primates (7, 8, 30, 43). DARPP-32
is expressed both in substance P/dynorphin—containing striatonigral neurons and
in enkephalin-containing striatopallidal neurons (43). Large-sized cholinergic in-
terneurons do not contain DARPP-32 (43, 44). Likewise, medium-sized GABAer-
gic interneurons are devoid of DARPP-32 immunoreactivity (43, 44).

Ultrastructural Localization of DARPP-32

At the ultrastructural level, DARPP-32 has been found in most subcellular com-
partments (44). DARPP-32 immunoreactivity is observed throughout the cyto-
plasm and in dendrites. Some nuclei also contain DARPP-32 immunoreactiv-
ity. Although most synaptic contacts on DARPP-32-containing neurons are not
immunoreactive, immunolabelled axon terminals are occasionally found in the
caudate-putamen. These terminals form symmetric synaptic contacts with DARPP-
32-immunolabelled somata or immunolabelled dendritic shafts and most likely
represent axon collaterals. In the globus pallidus and substantia nigra pars reticu-
lata, which are the major target areas from striatum, immunoreactivity is confined
to axons and axon terminals.

FACTORS THAT REGULATE THE FUNCTION OF DARPP-32
BY ALTERING ITS PHOSPHORYLATION STATE

Biogenic Amines

Dopamine and serotonin are major biogenic amines controlling striatal DARPP-32
phosphorylation.

DOPAMINE The nigrostriatal dopamine system plays a crucial role in the regula-
tion of movements, whereas the mesolimbocortical system mediates the cognitive
and rewarding effects of dopamine. Indeed, destruction of nigrostriatal neurons
is known to be the major pathology underlying Parkinson’s disease (45), whereas
depletion of dopamine in nucleus accumbens abolishes the stimulatory and rein-
forcing actions of the psychostimulants, cocaine and amphetamine (46, 47).

Five different dopamine receptors have been cloned. All of them are metabo-
tropic and alter cAMP signaling; receptor subtypes (DDs) stimulate adenylyl
cyclase, whereasbeceptor subtypes {3 Dy, D3, D) inhibit adenylyl cyclase
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(48, 48a). In addition, Ptype receptors have been shown to raise intracellular
Ca&t levels (49). This action requires calcyon and priming with an agonist at
Gg-coupled receptors..Bype receptors have been shown to increase intracellular
C&* levels and to activate a phospholipase C (PLC)/PP-2B signaling cascade (50).

The cellular distributions of B D,, and DB; receptors in striatum have been
described in detail. Preceptors are found on dopaminergic nerve terminals and
postsynaptically on GABAergic medium spiny neurons as well as on cholinergic
interneurons. Pand D; receptors are predominantly expressed postsynaptically on
GABAergic medium spiny neurons. Anatomical studies have shown that striato-
nigral neurons contain high levels of, Peceptors, whereas striatopallidal neu-
rons predominantly express, Peceptors (Figure 3) (51). Although the levels of
D; and D receptors differ between striatal projection neurons, there is biochem-
ical and physiological evidence supporting the idea that many of them possess
both D, and D, receptors (52-54). §xeceptors are especially enriched in the nu-
cleus accumbens, where they are expressed in both striatonigral and striatopallidal
neurons (55).

Dopamine plays an important role in the coordination and regulation of the two
output pathways by acting in a bidirectional manner. Many electrophysiological
and gene transcriptional data, obtained in vitro and in vivo, suggest that dopamine
exerts stimulatory effects via;Deceptors and inhibitory effects viaBeceptors
(51,56-59). Similarly, dopamine regulates the state of phosphorylation of DARPP-
32 in a bidirectional manner (Table 1) (50). Using striatal slices or whole animals,

TABLE 1 Regulation of DARPP-32 phosphorylation by various factors (for
details, see text)

Factor Receptor  Signaling pathway The*  Thr’®  Sel¥
Dopamine ] cAMP/PKA/(PP-2A) 4 J
D, CAMP/PKA* J 0
Ca+/PP-2B I
Serotonin 5HT PLC/CK1 0
5HT e cAMP/PKA A 1
Glutamate NMDA C&'/PP-2B 1 !
AMPA Ca*/PP-2B J )
mGluys PLC/CK1/cdk5 0 0
AoalcAMP/PKA 0
GABA GABA Ca+/PP-2B 4
Adenosine An CAMP/PKA b J
NO cGMP/PKG 0 0
Opioids nw/8 CAMP/PKA* J
Neurotensin NTR» D,/cAMP/PKA 0
CCK CCKg NMDA/Ca?t/PP-2B |

All activities are increased, except those with*awhich are decreased.
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it has been shown that activation of Eeceptors, via stimulation of PKA, results
in phosphorylation of DARPP-32 at THr(50, 60). This effect is counteracted
by activation of B receptors and involves inhibition of PKA (61) and stimula-
tion of the PP-2B signaling cascade (50) (Figure 3). Activation pfé&zeptors
also decreases the phosphorylation state of DARPP-32 &t By a process that
likely involves the PKA-dependent activation of a specific isoform of PP-2A (62)
(Figure 4). Thus, enhanced dopaminergic transmission yi@geptors leads to a
decreased phosphorylation of ThDARPP-32, which reduces inhibition of PKA
and thereby facilitates signaling via the PKA/YhDARPP-32/PP-1 cascade.

DOPAMINE SIGNALING IN DARPP-32 KNOCKOUT MICE The generation of DARPP-

32 knockout (KO) mice (29) has enabled more detailed studies of the involvement
of the protein in the actions of dopamine. As summarized in Table 2 and discussed
below, studies using the DARPP-32 KO mice have demonstrated that DARPP-
32 mediates many biochemical, electrophysiological, gene transcriptional,
and behavioral effects of dopamine (29, 63). In general, the most significant

TABLE 2 Summary of responses that are regulated in DARPP-32 KO mice

Stimulus

Parameter Example

Dopamine

Dopamine, serotonin,
neurotensin

Dopamine

Dopamine
Corticostriatal stimulation
Dopamine

Dopamine, cocaine,
amphetamines

Amphetamine
Antipsychotics
Apomorphine
Cocaine, ethanol

Caffeine, cocaine,
and amphetamine

Antidepressants
Progesterone

Neurotransmitter receptor NMDA, AMPA, and GABA

conductance
Neurotransmitter receptor NR1, GIuR1, GABRA3
phosphorylation
lon channel N/P-type &achannel,
Na" channel
lon pump N&K*-ATPase inhibition
Synaptic plasticity LTP, LTD
Transcription factor CREB
phosphorylation
Immediate early gene C-fofgsB induction
expression
Damage of dopamine neurons  Reactive gliosis
Locomotor activity Catalepsy
Motor behavior Cage climbing

Reward Conditioned place preference,

self-administration

Locomotor activity Acute locomotor response

Helplessness Tail suspension test

Sexual receptivity Female lordosis

All actions are attenuated in DARPP-32 KO mice except for ethanol in the conditioned place preference paradigm.
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involvement of DARPP-32 is found at physiological concentrations of dopamine,
the effects being less pronounced at higher, supraphysiological, concentrations.

PKA and PP-1 regulate the phosphorylation state and activity of many phys-
iological effectors, including neurotransmitter receptors, which regulate the ex-
citability of medium spiny neurons. Using striatal slices and dissociated striatal
neurons, it has been shown that treatment with, ad@eptor agonist causes an
increase in the phosphorylation of the NMDA NR1 subunit af8gthe AMPA
GluR1 subunit at S&° and the GABA B1/B3 subunits, presumably at 3%
which is paralleled by increased AMPA or NMDA receptor currents and inhibited
GABA receptor current (16, 29, 64—66). The dopamine-induced phosphorylation
and regulation of these ionotropic receptors is strongly attenuated in DARPP-32
KO mice. Moreover, DARPP-32 plays a very important role in the dopamine-
mediated regulation of otherion channels and ion pumps. For exampk;&ptor-
mediated inhibition of N/P-type G& channels and of neuronal N&*-ATPase
is attenuated in DARPP-32 KO mice (29). Several lines of evidence also indicate
an important role for DARPP-32 in mediating the effects of dopamine on long-
term changes in neuronal excitability. Studies in DARPP-32 KO mice showed that
DARPP-32 plays a crucial role in the induction of both long-term depression (LTD)
and long-term potentiation (LTP) (67), two opposing forms of synaptic plasticity.
The involvement of DARPP-32 in both LTD and LTP may be explained by the
fact that these effects were mediated via PKG and PKA, respectively, and involved
different subpopulations of striatal neurons.

Long-term changes in synaptic plasticity initiate changes in gene transcription
that are important for maintaining an altered synaptic function and for initiating
adaptive morphological changes. There is accumulating evidence that regulation of
gene transcription by various signal transduction cascades involves altered phos-
phorylation of transcription factors (47), and hence modulation of their activity.
CREB is a functionally very important transcription factor. It is well established
that dopamine, via activation ofPeceptors and PKA, stimulates phosphorylation
of CREB at Sef®®in striatum (47), and that the dephosphorylation of CREB at
Sef33js under the control of PP-1 (68). CREB phosphorylated at®exgulates
the expression of several immediate early genes, such as different members of the
Fos/Jun family. These genes are also under the control of additional transcription
factors, such as ELK, which, in turn, is regulated by the MAP kinase signaling cas-
cade (47). Dopamine receptor-mediated activation of MAP kinase, CREB, c-Fos,
and AFosB is strongly attenuated in DARPP-32 KO mice (16, 29, 69).

SEROTONIN The serotonergic neurotransmitter system, together with the dopa-

minergic system, regulates emotion, mood, reward, and cognition. Perturbations of
these neurotransmitter systems are thought to contribute to the etiology of several
common neuropsychiatric disorders, including schizophrenia, bipolar disorder,

depression, and drug addiction. Indeed, the serotonergic and the dopaminergic
systems appear to be the primary targets for most of the current medications used for
the treatment of psychiatric disorders. Moreover, cocaine, as well as amphetamine,
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act on both serotonin and dopamine transporters and cause significant increases in
the extracellular levels of both dopamine and serotonin in nucleus accumbens (70).
Several serotonin receptors, i.e., 54gd,15-HT1F, 5-HT,a, 5-HTyc, 5-HT3, 5-
HT,4, and 5-HT, have been found on medium spiny neurons in nucleus accumbens
and caudate-putamen. All of them are metabotropic receptors, with the exception
of 5-HT3 receptors, which are ionotropic. These serotonin receptors act primarily
via the following second messenger systems: Sgjkreceptors decrease CAMP
formation, 5-HTha/c receptors increase inositol triphosphate and diacylglycerol
formation, 5-HT receptors increase Naand C&* influx, and 5-HT, and 5-
HTg receptors increase cAMP formation. Detailed studies in striatal slices and
whole animals have shown that serotonin causes an increase in phosphorylation of
DARPP-32 at Tht*and Sel®” and a decreased phosphorylation at’¥ti#1). The
actions of serotonin in regulating DARPP-32 phosphorylation at*Tand Thr®
were mediated primarily via activation of 5-&nd 5-HT; receptors, whereas the
regulation at Sé?’ was mediated primarily via 5-HTreceptors. The three path-
ways appear to inhibit PP-1 through synergistic mechanisms. Although the pattern
of DARPP-32 phosphorylation induced by elevated serotonergic neurotransmis-
sion is similar to that induced by elevated dopaminergic neurotransmission, it is
largely independent of altered dopaminergic neurotransmission (71). It has been
shown that the reinforcing properties of cocaine in the place preference test re-
main intact in dopamine transporter KO mice or serotonin transporter KO mice,
but are severely impaired in mice that lack both transporters (72). These data imply
that certain biochemical effects of cocaine can be mediated by either dopamine or
serotonin. In support of the likelihood that signaling via DARPP-32 is responsible
for this redundancy, the diminished responsiveness to the reinforcing properties
of cocaine, observed in a place preference test in double transporter KO mice, is
mimicked in DARPP-32 KO mice (73).

Amino Acids

Glutamate and GABA are major amino acids controlling striatal DARPP-32
phosphorylation.

GLUTAMATE Glutamatergic terminals of the corticostriatal and thalamostriatal
pathway neurons form asymmetrical synapses on dendritic shafts and spines of
medium spiny neurons. Glutamate receptors are subdivided into two categories:
ionotropic glutamate receptors and metabotropic glutamate (mGlu) receptors. Glu-
tamatergic regulation of DARPP-32 is very complex (Figure 4). It appears that the
immediate and principal glutamate signaling is mediated through NMDA- and
AMPA-receptor/PP-2B and that this pathway is modulated by other glutamate-
dependent pathways, by both positive and negative feedback mechanisms.

NMDA- and AMPA-type glutamate receptors  Glutamate, released at glutamater-
gic nerve terminals, activates NMDA- and AMPA-type ionotropic glutamate
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receptors, leading to a decrease in DARPP-32“[strosphorylation (74, 75). The
effects of NMDA and AMPA receptors on THiphosphorylation are mediated via
PP-2B (74, 75). AMPA receptor channels are permeable tolidarelatively im-
permeable to Ca (76). In contrast, NMDA receptor channels, when depolarized,
are highly permeable to €a(77). The increase in PP-2B activity in response to
activation of AMPA receptors is mediated through depolarization-induced influx
of Cat* via L-type C&* channels (G.L. Snyder & P. Greengard, unpublished data).
Activation of NMDA and AMPA receptors also results in a decrease in DARPP-
32 Thr'® phosphorylation (75). Surprisingly, the effects of NMDA and AMPA re-
ceptors are not mediated through?CGalependent activation of PP-2B, but rather
are mediated via a a-dependent activation of PP-2A, which involves a mecha-
nism that is not yet understood. Glutamate signaling through NMDA and AMPA
receptors will reduce the state of phosphorylation of DARPP-32 &P&hd reduce
inhibition of PKA. Thus, under some conditions, glutamate may be able to poten-
tiate dopamine/Preceptor/PKA/phospho-THDARPP-32 signaling (Figure 4).

Metabotropic glutamate receptors mGlu receptors are subdivided into three
groups: group | (mGlyand mGly receptors), group Il (mnGland mGly recep-

tors), and group Il (mGly mGlus, mGlu;, and mGly receptors) (78). Individual
subtypes of mGlu receptors are assumed to mediate distinct facilitatory (group I)
or inhibitory (group Il and Ill) actions on neuronal transmission. In the neostria-
tum, group | mGlu receptors are expressed in both direct and indirect pathway
neostriatal neurons (79), and group Il and Ill mGlu receptors are expressed on the
terminals of corticostriatal afferents (80). It has been reported that mGlu recep-
tors participate in the regulation of cAMP formation (81), gene expression (82),
locomotor activity (83), and cocaine self-administration (84). Activation of group

I mGlus receptors stimulates DARPP-32 $hphosphorylation in neostriatal neu-
rons (85). The effect of mGireceptors on THf phosphorylation is dependent

on activation of adenosine,A receptors by endogenous adenosine, but notof D
receptors by endogenous dopamine. Activation of mGlu5 receptors potentiates the
effect of an adenosineA receptor agonist, CGS21680, and of forskolin, but not
that of a cCAMP analogue, and it stimulates DARPP-32jpinosphorylation in the
presence of a phosphodiesterase inhibitor, suggesting thatmegkptors stimu-

late the rate of CAMP formation coupled to adenosing #eceptors. The action of
mGlus receptors is mediated through MAP kinase signaling, but not through PLC,
CK1, or cdk5. Nonreceptor tyrosine kinases, such as pyk2 and src, and/or receptor
tyrosine kinases, such as epidermal growth factor receptors, seem to be required
for the activation of MAP kinase (86, 87). Selective interaction of y@hd Apa
receptors might be explained by the fact that MAP kinase signaling is more active
in striatopallidal medium spiny neurons than in striatonigral medium spiny neurons
(88). Existence of a heteromeric mGWi» receptor complex further supports the
selective interaction of mGiand Apa receptors (88a). The molecular mechanisms

by which MAP kinase is activated by mGIlu5 receptors and by which MAP kinase
stimulates cAMP formation coupled to,Areceptors remain to be clarified.
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Group | mGlu receptors regulate the phosphorylation of DARPP-32 &P Thr
and SeP’ by mechanisms different from those described above for the regulation
of DARPP-32 at Tht*. Treatment of neostriatal slices with a group | mGlu re-
ceptor agonist stimulates the activity of CK1 in a PLC-dependent manner, leading
to an increase in the phosphorylation of DARPP-32 at Tand Sef*’ (89, 90).
Detailed analysis of the mechanism of CK1 activation revealed that group | mGlu
receptors, coupled to Gq, activate PLC and stimulate the generatiog) &d&ing
to an increase in intracellular €a(90) (Figure 4). The increased intracellular
Ca’* activates PP-2B, most likely causing dephosphorylation of the inhibitory
autophosphorylation sites of CK1, which results in the activation of CK1 and the
phosphorylation of DARPP-32 at S&f. Activation of CK1 causes activation of
Cdk5 (89). However, the mechanism by which CK1 activates Cdk5 is under inves-
tigation. Cdk5, activated by the group | mGlu receptor/PLC/PP-2B/CK1 signaling
cascade, stimulates the phosphorylation of DARPP-32 dPThr

Interaction of dopamine and glutamate signaling A major antidopaminergic ef-

fect of glutamate, through NMDA/AMPA receptor-induced activation of PP-2B,
is the dephosphorylation of DARPP-32 at ¥hrin addition to this major ef-
fect, glutamate has various other regulatory effects on DARPP-32 phosphorylation
(Figure 4). For instance, glutamate, through the group | mGlu receptor/CK1/Cdk5/
phospho-Th>-DARPP-32 pathway, counteracts PKA/phospho®HXARPP-32
/PP-1 signaling. Conversely, glutamate can potentiate PKA/phospHi6-Thr
DARPP-32/PP-1 signaling through three pathwayay by NMDA-AMPA
receptor/C4&+/PP-2A/Thf>-DARPP-32 dephosphorylatior)(by enhancing A
receptor-coupled cAMP formation mediated through activation of m@keptors

(85), and €) by increasing DARPP-32 SEf phosphorylation mediated through
group | mGlu receptor-induced activation of CK1. Various types of glutamate-
mediated regulation of DARPP-32 phosphorylation in striatal neurons are most
likely activated with different time courses.

GABA Striatal medium spiny neurons receive most GABAergic inputs from an ex-
tensive network of recurrent collaterals (41) and from interneurons (42). Two types
of GABA receptors are expressed on medium spiny neurons: bicucullin-sensitive
GABA, receptors (ligand-gated chloride channels) and bicucullin-insensitive,
metabotropic GABA receptors. Studies performed in striatal slices showed that
GABA was able to produce a rapid increase in the state of phosphorylation of
Thré4 (91). This effect was prevented by bicucullin (91). GABA significantly po-
tentiated the increase in phospho-fHDARPP-32 produced by forskolin, an ac-
tivator of the cCAMP/PKA pathway. This suggested that GABA increased*Thr
phosphorylation through inhibition of PP-2B. GABA was also able to stimulate
Thré4 phosphorylation in slices from the substantia nigra. These effects are most
likely mediated via activation of GABA ionotropic receptors, increased Gh-

flux, decreased neuronal excitability, decreaseé"@aflux, and inactivation of
PP-2B.
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Neuromodulators

Adenosine and nitric oxide are major neuromodulators controlling striatal phos-
phorylation.

ADENOSINE  Adenosineis found intra- and extracellularly in all organs of the body.
Most adenosine is formed via the breakdown of ATP intracellularly and transported
tothe extracellular space via equilibrative transporters. Extracellular adenosine acts
via G-protein-coupled receptors, two of which; &nd App receptors, are abun-
dantly expressed in the brain. Adenosingréceptors inhibit, and # receptors
stimulate, adenylyl cyclase. Aeceptors have a widespread distribution in the
brain, whereas g receptors are almost exclusively found in striatum (92, 93). At
the cellular level, Ax receptor mMRNA is restricted to the GABAergic medium-
sized spiny projection neurons that also express enkephalin and dopagige D
ceptors (92, 93) (Figure 3)./A receptors are segregated fromrBceptors. Using
striatal slices, the A receptor agonist CGS21680 was found to increase the level
of DARPP-32 phosphorylated at Fin a concentration-dependent manner (94).
When CGS21680 was combined with a &yonist, an additive response was ob-
served on cAMP levels and THfDARPP-32 phosphorylation. In whole animals,
antagonists at & and D receptors had an additive effect in reducing DARPP-32
phosphorylation (94). In accordance with the anatomical colocalizationcdidd
D, receptors, there is evidence from biochemical, gene transcriptional, and behav-
ioral studies showing interactions between And D, receptors (93). Because A
receptors increase and, Beceptors decrease the levels of cAMP, the adenosine-
dopamine interactions are, in most instances, antagonistic. Indeed, @mt&g-
onist significantly counteracted the increase in*fHiYARPP-32 phosphorylation
that was observed following treatment with selectiva&eptor antagonists (60).
Likewise, the ability of B antagonists to increase FDARPP-32 phosphory-
lation was dramatically reduced in,Areceptor KO mice (60). These data have
provided further support for the notion that adenosine actinggméceptors pro-
vides a basal tonic activity of the cAMP/PKA/TYWDARPP-32 pathway, which
is necessary to mediate many of the effects of dopamine actingwiedeptors.
Consistent with the biochemical studies, the ability of thg Agonist CGS-
21680 to induce hypolocomotion was attenuated in DARPP-32 KO mice (95).
Similarly, the ability of the A antagonist SCH 58261 and caffeine (see below)
to induce hyperlocomotion was attenuated in DARPP-32 KO mice. In this study
(95), an additional effect of /& receptors on DARPP-32 phosphorylation was
shown, namely that & agonism via a cCAMP-dependent mechanism increases
the phosphorylation at TH-DARPP-32, but decreases the phosphorylation at
Thr’>-DARPP-32. Conversely, SCH 58261 increases phosphorylation &t-Thr
DARPP-32.

NITRIC OXIDE Nitric oxide (NO) is an intercellular messenger that plays a critical
role in the physiology of striatal neurons (67). NO exerts its actions by activating
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soluble guanylyl cyclase and hence PKG (96). In agreement with the observation
that ThP*-DARPP-32 is an excellent substrate for PKG in vitro (9), it was found
that sodium nitroprusside (SNP), a NO donor, stimulates the phosphorylation of
DARPP-32 at Tht*in striatonigral nerve terminals (97). The effect of SNP could be
inhibited by hemoglobin, a compound that, by complexing with NO, prevents the
activation of PKG. Moreover, treatment of striatal slices with SNP or the cGMP
selective phosphodiesterase inhibitor zaprinast, according to a protocol known
to induce chemical LTD, increased the levels of DARPP-32 af“Tammd Thr®

(67). Thus, the NO/cGMP pathway potently regulates the phosphorylation state
of DARPP-32. This regulation may play an important role in the modulation of
synaptic plasticity in striatum.

Neuropeptides

Opioids, cholecystokinin, and neurotensin control striatal DARPP-32 phospho-
rylation.

OPI0OIDS Three major opioid receptors have been clonegs-, andx-receptors.
Opiates regulate striatal function via an indirect action on mesencephalic dopamine
neurons and a direct action on opioid receptors located within striatum. There is
a relatively abundant expression;of, 5-, and«-opioid receptors in striatum (98,
99).«-opioid receptors seem to be expressed primarily on dopaminergic nerve ter-
minals, whereag- andé-receptors are expressed on medium-sized spiny neurons
(Figure 3) u-receptors seem to be enriched in striatonigral neurons where they are
colocalized with 3 receptors (99)-receptors are highly expressed in cholinergic
interneurons, but there is also some expression in striatopallidal neurons (99). Both
u- andés-receptors are negatively coupled to adenylyl cyclase (98).

Using striatal slices, activation of opioid receptors was found to modulate the
effects of dopamine and adenosine on DARPP-32 phosphorylation%t(T6©).
Thus, theu-opioid receptor agonist, DAMGO, inhibits the increase in DARPP-
32 phosphorylation induced by SKF 81297, a i@ceptor agonist, but not by
CGS 21680, an 4, receptor agonist. Conversely, thepioid receptor agonist,
DPDPE, inhibits DARPP-32 phosphorylation induced by activation gf re-
ceptors, but not by activation of,receptors. These studies are consistent with
the colocalization studies mentioned above. Moreover, these studies also suggest
the possibility of an involvement of DARPP-32 in mediating effects caused by
exposure to opiates.

CHOLECYSTOKININ  Cholecystokinin is a 33—amino acid peptide present in the
brain mainly in its sulphated carboxy-terminal octapeptide form (CCK-8S) (101).
In the striatum, CCK receptors are localized on glutamatergic nerve terminals.
CCK-8S acts as an excitatory transmitter (102) and is expressed together with glu-
tamate in cortical projections to the striatum (103). In rat striatal slices, CCK-8S
reduced the increase in DARPP-32 phosphorylation a4taused by forskolin.
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This effect was abolished by the specific CCK-B antagonist, CI-988, and by
MK-801, a noncompetitive antagonist at glutamate NMDA receptors (104). These
findings suggested that cholecystokinin regulated DARPP-32 phosphorylation by
stimulating release of glutamate from corticostriatal glutamatergic terminals, re-
sulting in activation of NMDA receptors, an increase irfCinflux, activation of
PP-2B, and dephosphorylation of DARPP-32 at3thr

NEUROTENSIN  Neurotensin modulates dopaminergic neurotransmission in the ni-
grostriatal and mesolimbic pathways (105). Neurotensin has been hypothesized to
be an endogenous neuroleptic because the behavioral and biochemical effects of
centrally administered neurotensin resemble those of systemically administered
antipsychotic drugs (106). In the neostriatum, a high proportion of high-affinity
NTR; neurotensin receptors are located on dopaminergic nerve terminals (107).
The low-affinity receptors, NTRare also expressed in the striatum (108). Several
studies have demonstrated that neurotensin stimulates the release of dopamine
(109) and glutamate (110). Neurotensin increases the state of phosphorylation of
DARPP-32 at Th*in neostriatal neurons (111). The effect of neurotensin is me-
diated through the release of dopamine from nigrostriatal dopaminergic terminals
in an NMDA receptor- and AMPA receptor-dependent manner. The effect of neu-
rotensin is sensitive to a nonselective NIRTR, antagonist, SR142948, but not

to an NTR antagonist, SR48692, an N¥Rntagonist, levocabastine, or the two
combined, suggesting the involvement of unidentified neurotensin receptors. Neu-
rotensin also stimulates phosphorylation of the AMPA receptor GIuR1 subunit at
Sef*® (PKA-site). The effect of neurotensin on GluR1 Sephosphorylation is

lost in DARPP-32 KO mice.

In parallel, neurotensin stimulates the release of glutamate from glutamater-
gic terminals. Glutamate enhances the neurotensin-mediated release of dopamine
through activation of NMDA and AMPA receptors on dopaminergic terminals.

In addition, glutamate stimulates the dephosphorylation of DARPP-32 &¢ Thr
by PP-2A through activation of NMDA and AMPA receptors on medium spiny
neurons. The decrease in the level of phosphdTDARPP-32 removes the in-
hibition of PKA. Thus, glutamate, released in response to neurotensin, can po-
tentiate neurotensin/dopamine/Beceptor/PKA/phospho-THtDARPP-32/PP-1
signaling through two synergistic mechanisms.

Steroids

Studies of a possible role of DARPP-32 in steroid action have been limited to
progesterone and estrogen.

PROGESTERONE/ESTROGEN The ovarian steroid hormones estrogen and proges-
terone play a critical role in the manifestation of sexual behavior during the es-
trous cycle. In ovariectomized rats, the levels of phosphd“IDARPP-32 in

the hypothalamus are increased 48 h following administration of estradiol (112)
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or of progesterone (113). Dopamine facilitates sexual receptivity in female rats
(113) and vaginal-cervical somatosensory stimulation induces a progesterone-
independent facilitation of mating behavior, which appears to involve activation
of dopamine D receptors and phosphorylation of DARPP-32 at>fi{i14).

In the hypothalamus, progesterone and dopamine, acting on distinct signaling
pathways, have been found to stimulate cAMP production, activate PKA, and
increase the phosphorylation of DARPP-32 at3fi{i13). In addition, studies
performed using antisense oligonucleotides to DARPP-32 as well as DARPP-
32 KO mice have demonstrated that DARPP-32 plays an obligatory role in both
progesterone- and dopamine-stimulation of sexual receptivity in female rats and
mice (113).

Therapeutic Agents

DARPP-32 is involved in the actions of a variety of substances used for the treat-
ment of various psychoactive and neurological disorders.

ANTIPSYCHOTICS Treatment with antipsychotic (or neuroleptic) drugs currently
represents the most common therapy for schizophrenia. A common effect of an-
tipsychotic drugs is to act as antagonists at dopamisesBeptor subtypes. As
mentioned above, activation of dopamingreceptors reduces the state of phos-
phorylation of DARPP-32 at TAf. Recent evidence indicates that this effect is
mediated via activation of §, but not of Dy, receptors (115). Administration

of eticlopride or raclopride, selective dopamingrBceptor antagonists, increases
the levels of phospho-THtDARPP-32 (115a). This effect is due to the block-
ade of tonic activation by endogenous dopamine of postsynapticd2eptors

and the consequent removal of the inhibition exerted on the cAMP/PKA pathway.
Administration of haloperidol, a typical antipsychotic drug, mimics the effect of
eticlopride and increases Piphosphorylation. Haloperidol has a relatively high
affinity for the D, subtype of dopamine receptors (116), and its mechanism of
action is most likely similar to that of eticlopride. Interestingly, administration of

a low dose (5 mg/kg) of the atypical antipsychotic clozapine, a weak dopamine
D, receptor antagonist, also stimulates DARPP-32 phosphorylation ¥t This

effect of clozapine may be due to the blockade of dopaminesPeptors and/or
clozapine acting on other receptor types, such as serotonergic, muscarinic, or adren-
ergic receptors. Much higher concentrations of raclopride are required to induce
catalepsy in DARPP-32 KO mice as compared to their wild-type littermates (29),
providing functional evidence for an involvement of DARPP-32 in the actions of
antipsychotic drugs.

ANTIDEPRESSANTS  Agentsthat enhance serotonergic or noradrenergic neurotrans-
mission, such as tricyclic antidepressants (e.g., imipramine), serotonin reuptake
inhibitors (e.g., fluoxetine), and monoamine oxidase inhibitors (e.g., moclobe-

mide), are effective as antidepressants. Although these agents immediately
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increase the synaptic availability of serotonin and/or noradrenaline, there is a
temporal delay in the onset of their beneficial actions. Recent studies in exper-
imental animals have focused on understanding the effects of various antide-
pressant agents on signal transduction pathways in neurons located in brain re-
gions thought to be implicated in depression. In particular, it has been shown
that treatment with various antidepressants, including fluoxetine, enhances the
efficacy of the PKA pathway at several different levels in the frontal cortex, hip-
pocampus, and nucleus accumbens (117). In agreement with those data, acute or
chronic treatment with fluoxetine caused an increased phosphorylation of DARPP-
32 at ThP* and a decreased phosphorylation at”flim hippocampus, frontal
cortex, and striatum (118). Due to a low signal in the extrastriatal areas, the
level of phosphorylation of DARPP-32 at $&rcould be detected only in stria-

tum. In this region, fluoxetine, administered acutely, increased phosphorylation
at Set®. The ability of a challenge with fluoxetine to increase phosphoryla-
tion at Set®” was abolished in mice chronically treated with fluoxetine, possibly
an important clue to the delay in onset of clinical benefit seen with this com-
pound.

Helplessness models in which experimental animals are exposed to inescapable
aversive situations, e.g., tail suspension test, are useful for predicting antidepressant
efficacy. It is well established that acute treatment with various clinically effective
antidepressant drugs reduces immobility in these tests. The effect of fluoxetine in
this test was strongly attenuated in DARPP-32 KO mice (118).

ANTI-PARKINSONIAN AGENTS L-DOPA remains the most effective pharmacolog-
ical treatment for Parkinson’s disease. Unfortunately, as the disease advances, the
therapeutic efficacy of L-DOPA declines, such that the minimum dose required
to relieve parkinsonism also produces abnormal involuntary movements (AIMs),
i.e., dyskinesia (119). Recent evidence points to the involvement of DARPP-32 in
the mechanisms underlying the generation of L-DOPA-induced dyskinesia (120).
It has been shown that the striatal medium spiny neurons of dyskinetic rats do not
show depotentiation in response to low-frequency stimulation of cortical afferents.
Lack of depotentiation may reflect a state of altered striatal synaptic transmis-
sion, which could produce dyskinesia. Depotentiation is blocked by activation of
dopamine D receptors as well as by inhibition of PP-1 (120). Interestingly, dys-
kinetic animals show abnormally high levels of phospho3tBrARPP-32 (120).
Based on these findings, it has been proposed that dyskinesia may result from
specific changes occurring along the ddpaminergic signaling pathway leading

to increased DARPP-32 phosphorylation at 3fhincreased inhibition of PP-1
activity, and loss of depotentiation.

Drugs of Abuse

DARPP-32 is involved in the actions of many categories of drugs of abuse, includ-
ing opioids (see above), ethanol, caffeine, cocaine, and amphetamine.
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ETHANOL DARPP-32 is involved in both acute and long-term responses to etha-
nol. In striatal slices, 25 mM ethanol increases phosphorylation o¥*Th21).
Moreover, DARPP-32 KO mice show a greater sensitivity to the motor stimulant
effect produced by a single injection of ethanol. Conditioned place preference
studies also indicate a role for DARPP-32 in mediating ethanol reward. This may
depend on the ability of DARPP-32 to modulate serotonergic and/or GABAergic
transmission (see above) because both serotonin receptors and.Ga&Xptors
appear to be involved in acquisition of ethanol-induced place preference. DARPP-
32 KO mice show a significant decrement in ethanol self-administration (122).
Recently, it has been proposed that the involvement of DARPP-32 in ethanol
reinforcement depends on the ability of DARPP-32 to regulate the state of phos-
phorylation of the NMDA receptor (121). It is known that activation of NMDA
receptors is critically involved in ethanol reinforcement (121-123). However, in
the presence of ethanol, NMDA synaptic currents are dramatically reduced (123).
Dopamine, via D receptors, stimulates the PKA-mediated phosphorylation of
the NR1 subunit of the NMDA receptor at 8¥rand reduces the ethanol sen-
sitivity of the NMDA receptor (121). This, in turn, could promote ethanol rein-
forcement. The regulation of ethanol sensitivity of NMDA receptors bydaep-

tors is absent in DARPP-32 KO mice (121). Taken together, these observations
indicate that DARPP-32 mediates ethanol reinforcement by reducing dephospho-
rylation of the NMDA receptors and, consequently, by preventing their sensitivity
to ethanol.

CAFFEINE Caffeine, the most commonly used psychostimulant, acts as an antag-
onist at A as well as A, adenosine receptors (93). It was initially thought that the
stimulatory properties of caffeine were primarily due tpr&ceptor antagonism.
However, it is now recognized that blockade ofsAeceptors is critical for the
actions of caffeine (93, 124). Moreover, recent data have provided strong evidence
for an involvement of DARPP-32 in the stimulatory actions of caffeine. Systemic
administration of caffeine, or of SCH 58261, a selectiyg Feceptor antagonist,
causes an increase in phosphorylation of FEYARPP-32 in wild-type mice (95).

The stimulatory effects of caffeine and SCH 58261 on locomotor activity, seen in
wild-type mice, were greatly reduced in DARPP-32 KO mice. The blockade of a
tonically active Ax/PKA/PP-2A/Thf>-DARPP-32 pathway may, therefore, play

a critical role for the stimulatory actions of caffeine.

COCAINE AND AMPHETAMINE Itis well established that the dopaminergic system
plays an important role in reward-related behaviors, and drugs with reinforcing
properties share the ability to increase dopaminergic transmission (47, 125). Deple-
tion of dopamine in nucleus accumbens abolishes the stimulatory and reinforcing
actions of the psychostimulants, cocaine and amphetamine (46). Cocaine inhibits
reuptake of dopamine, whereas amphetamine promotes release of dopamine from
nerve terminals through a weak-base-mediated reverse transport mechanism (47,
125).
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Acute treatment with cocaine or amphetamine increases the phosphorylation
of Thr**-DARPP-32 and decreases the phosphorylation a*PIDARPP-32 (62).
Treatment with cocaine and amphetamine are also known to increase the
phosphorylation state of CREB, ELK, and multiple immediate early genes (47,
125). CREB, c-Fos, Fras, and many other immediate early genes regulate gene
transcription and may coordinate alterations in gene expression, leading to long-
term changes in neuronal function. Accumulating evidence has implicated these
changes in the development of an addictive state. In particular, the sustained ex-
pression ofAFos B, found following chronic administration of psychostimulants,
appears to be important (47, 125). It has recently been foundfas B regulates
the transcription of cdk5 and that chronic treatment with cocaine upregulates the
levels of cdk5 and p35 in striatum (126). Moreover, chronic treatment with cocaine
leads to increased phosphorylation of PHDARPP-32 and decreased phospho-
rylation of The-DARPP-32 (126). A well-known behavioral consequence of re-
peated cocaine administration is the development of sensitization. Intraaccumbal
application of various cdk5 inhibitors potentiates cocaine-induced behavioral sen-
sitization (126), demonstrating that cdk5 is involved in this as a negative regulation
of this phenomenon.

Studies in DARPP-32 KO mice have provided evidence for an involvement of
DARPP-32 in the actions of cocaine and amphetamine (summarized in Table 2).
One of the most prominent alterations found in the DARPP-32 KO mice is the
attenuation of psychostimulant-induced expression of c-Fog\dws$ B. The ac-
quisition of cocaine self-administration and place preference in DARPP-32 KO
mice is also attenuated (73). Moreover, DARPP-32 KO mice show an attenuated
locomotor responsiveness to a single injection of 10 mg/kg cocaine (29, 128). In
contrast, following chronic treatment with cocaine, DARPP-32 KO mice show in-
creased locomotor sensitization as compared to wild-type mice (128). The different
involvement of DARPP-32 in acute and chronic responses to cocaine remains to
be understood, but it may be related to the major differences in the relative levels
of phosphorylated TH-DARPP-32 and phosphorylated PRHDARPP-32, which
have been found following acute versus chronic treatment with cocaine.

CONCLUSIONS

DARPP-32 acts as an amplifier of PKA- and PKG-mediated signaling when it

is phosphorylated at Tt which converts it into an inhibitor of PP-1. This am-
plifying property of DARPP-32 is critical for dopaminergic signaling, but it is

also utilized in the actions and interactions of multiple other neurotransmitters,
neuromodulators, neuropeptides, and steroid hormones. Under basal conditions,
DARPP-32 is phosphorylated at Thiand inhibits PKA. However, under hyper-
dopaminergic conditions, the phosphorylation state af“Tiarreduced allowing
increased phosphorylation at PhrThis positive feedback loop acts as a switch

to potentiate dopaminergic signaling. Several kinase-phosphatase cascades that
are used by dopamine, glutamate, and other factors have been identified. The
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complex interactions between these cascades need further investigation, with a
particular emphasis on their relative importance in striatonigral and striatopallidal
neurons.

The Annual Review of Pharmacology and Toxicology online at
http://pharmtox.annualreviews.org

LITERATURE CITED

1. Walaas SI, Aswad DW, Greengard P. 8. daCruze SilvaEF, Fox CA, Ouimet CC,
1983. A dopamine- and cyclic AMP- Gustafson E, Watson SJ, Greengard P.
regulated phosphoprotein enriched in 1995. Differential expression of protein
dopamine-innervated brain regioma- phosphatase 1 isoforms in mammalian
ture 301:69-71 brain.J. Neuroscil15:3375-89

2. Greengard P. 2001. The neurobiology 9. Hemmings HC Jr, Wiliams KR,
of slow synaptic transmissiorscience Konigsberg WH, Greengard P. 1984.
294:1024-30 DARPP-32, a dopamine- and adenosine

3. Williams KR, Hemmings HC Jr, LoPre- 3:5-monophosphate-regulated neuro-
sti MB, Konigsberg WH, Greengard nal phosphoprotein. I. Amino acid se-
P. 1986. DARPP-32, a dopamine- and guence around the phosphorylated thre-
cyclic AMP-regulated neuronal phos- onine.J. Biol. Chem259:14486-90
phoprotein. Primary structure and ho- 10. Hemmings HC Jr, Nairn AC, Elli-
mology with protein phosphatase inhi- ott JI, Greengard P. 1990. Synthetic
bitor-1.J. Biol. Chem261:1890-903 peptide analogs of DARPP-32 (Mr

4, Gustafson EL, Girault JA, Hemmings 32,000 dopamine- and cAMP-regulated
HC Jr, Nairn AC, Greengard P. 1991. Im- phosphoprotein), an inhibitor of pro-
munocytochemical localization of phos- tein phosphatase-1. Phosphorylation, de-
phatase inhibitor-1 in rat braid. Comp. phosphorylation, and inhibitory activity.
Neurol.310:170-88 J. Biol. Chem265:20369-76

5. Hemmings HC Jr, Greengard P, Tung 11. Desdouits F, Cheetham JJ, Huang HB,
HY, Cohen P. 1984. DARPP-32, a Kwon YG, da Cruz e Silva EF, et al.
dopamine-regulated neuronal phospho- 1995. Mechanism of inhibition of pro-
protein, is a potent inhibitor of protein tein phosphatase 1 by DARPP-32: stud-
phosphatase-Nature310:503-5 ies with recombinant DARPP-32 and

6. Ouimet CC, Langley-Gullion KC, synthetic peptidesBiochem. Biophys.
Greengard P. 1998. Quantitative Res. Commur206:652-58
immunocytochemistry of DARPP- 12. Kwon YG, Huang HB, Desdouits F,
32-expressing neurons in the rat Girault JA, Greengard P, Nairn AC.
caudatoputamerBrain Res808:8-12 1997. Characterization of the interaction

7. Ouimet CC, Miller PE, Hemmings between DARPP-32 and protein phos-
HC Jr, Walaas SI, Greengard P. 1984. phatase 1 (PP-1): DARPP-32 peptides
DARPP-32, a dopamine- and adenosine antagonize the interaction of PP-1 with
3:5-monophosphate-regulated  phos- binding proteinsProc. Natl. Acad. Sci.
phoprotein enriched in dopamine- USA94:3536-41
innervated brain regions. lll. Immuno- 13. Huang HB, Horiuchi A, Watanabe T,

cytochemical localizationJ. Neurosci.
4:111-24

Shih SR, Tsay HJ, et al. 1999. Char-
acterization of the inhibition of protein



290

SVENNINGSSON ET AL.

14.

15.

16.

17.

18.

19.

20.

21.

22.

phosphatase-1 by DARPP-32 and inhi-
bitor-2.J. Biol. Chem274:7870-78
Egloff MP, Johnson DF, Moorhead G,
Cohen PT, Cohen P, Barford D. 1997.
Structural basis for the recognition of
regulatory subunits by the catalytic sub-
unit of protein phosphatase EMBO J.
16:1876-87

Hsieh-Wilson LC, Allen PB, Watanabe
T, Nairn AC, Greengard P. 1999. Char-
acterization of the neuronal targeting
protein spinophilin and its interactions
with protein phosphatase-Biochem-
istry 38:4365-73

Yan Z, Hsieh-Wilson L, Feng J, Tomi-
zawa K, Allen PB, et al. 1999. Protein
phosphatase 1 modulation of neostriatal
AMPA channels: regulation by DARPP-
32 and spinophilinNat. Neurosci2:13—
17

Morishita W, Connor JH, Xia H, Quinlan
EM, Shenolikar S, Malenka RC. 2001.
Regulation of synaptic strength by pro-
tein phosphatase Neuron32:1133-48
Greengard P, Allen PB, Nairn AC.
1999. Beyond the dopamine receptor:
the DARPP 32/protein phosphatase-1
cascadeNeuron23:435-47

Girault JA, Hemmings HC Jr, Williams
KR, Nairn AC, Greengard P. 1989. Phos-
phorylation of DARPP-32, a dopamine-
and cAMP-regulated phosphoprotein,
by casein kinase IlJ. Biol. Chem264:
21748-59

Desdouits F, Cohen D, Nairn AC, Green-
gard P, Girault JA. 1995. Phosphory-
lation of DARPP-32, a dopamine- and
cAMP-regulated phosphoprotein, by ca-
sein kinase | in vitro and in vival. Biol.
Chem.270:8772-78

TsaiLH, Delalle I, Caviness VS Jr, Chae
T, Harlow E. 1994. p35 is a neural-
specific regulatory subunit of cyclin-
dependent kinase SNature 371:419—
23

Bibb JA, Snyder GL, Nishi A, Yan
Z, Meijer L, et al. 1999. Phosphoryla-
tion of DARPP-32 by Cdk5 modulates

23.

24,

25.

26.

27.

28.

29.

30.

dopamine signalling in neuronBlature
402:669-71

King MM, Huang CY, Chock PB, Nairn
AC, Hemmings HC Jr, etal. 1984. Mam-
malian brain phosphoproteins as sub-
strates for calcineurind. Biol. Chem.
259:8080-83

Nishi A, Snyder GL, Nairn AC, Green-
gard P. 1999. Role of calcineurin and
protein phosphatase-2A in the regulation
of DARPP-32 dephosphorylationin neo-
striatal neuronsl. Neurochen¥2:2015-
21

Desdouits F, Siciliano JC, Nairn AC,
Greengard P, Girault JA. 1998. Dephos-
phorylation of Ser-137 in DARPP-32 by
protein phosphatases 2A and 2C: differ-
entroles in vitro and in striatonigral neu-
rons.Biochem. J330:211-16

Foster GA, Schultzberg M, dffelt T,
Goldstein M, Hemmings HC Jr, et al.
1987. Development of a dopamine- and
cyclic adenosine ‘&'-monophosphate-
regulated phosphoprotein (DARPP-32)
in the prenatal rat central nervous sys-
tem, and its relationship to the arrival of
presumptive dopaminergic innervation.
J. Neurosci7:1994-2018

Ehrlich ME, Rosen NL, Kurihara T, Sha-
laby IA, Greengard P. 1990. DARPP-32
development in the caudate nucleus is
independent of afferent input from the
substantia nigraBrain Res. Dev. Brain
Res54:257-63

Naimi S, Jeny R, Hantraye P, Peschan-
ski M, Riche D. 1996. Ontogeny of hu-
man striatal DARPP-32 neurons in fe-
tuses and following xenografting to the
adult rat brain.Exp. Neurol.137:15—
25

Fienberg AA, Hiroi N, Mermelstein
PG, Song W, Snyder GL, et al. 1998.
DARPP-32: regulator of the efficacy
of dopaminergic neurotransmissi@ti-
ence281:838-42

Ouimet CC, LaMantia AS, Goldman-
Rakic P, Rakic P, Greengard P. 1992.
Immunocytochemical localization of



DARPP-32 291

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

DARPP-32, a dopamine and cyclic-
AMP-regulated phosphoprotein, in the
primate brain.J. Comp. Neurol.323:
209-18

Kurihara T, Lewis RM, Eisler J, Green-
gard P. 1988. Cloning of cDNA for
DARPP-32, a dopamine- and cyclic
AMP-regulated neuronal phosphopro-
tein.J. Neurosci8:508-17

Ehrlich ME, Kurihara T, Greengard P.
1990. Rat DARPP-32: cloning, sequenc-
ing, and characterization of the cDNA.
Mol. Neurosci2:1-10

Schalling M, Djurfeldt M, Hkfelt T,
Ehrlich M, Kurihara T, Greengard P.
1990. Distribution and cellular localiza-
tion of DARPP-32 mRNA in rat brain.
Brain Res. Mol. Brain Reg.:139-49

Kitai ST, Kocsis JD, Wood J. 1976. Ori-
gin and characteristics of the cortico-
caudate afferents: an anatomical and
electrophysiological studyBrain Res.
118:137-41

Donoghue JP, Herkenham M. 1986.
Neostriatal projections from individual
cortical fields conform to histochemi-
cally distinct striatal compartmentsin the
rat. Brain Res365:397-403

Dahlstom A, Fuxe K. 1964. Evi-
dence for the existence of monoamine-
containing neurons inthe central nervous
system. |. Demonstration of monoamine
in the cell bodies of the brain stem neu-
rons.Acta Physiol. Scand2:1-55
Steinbusch HW. 1981. Distribution of
serotonin-immunoreactivity in the cen-
tral nervous system of the rat-cell bodies
and terminalsNeuroscienc&:557-618
Yoshida M, Precht W. 1971. Monosy-
naptic inhibition of neurons of the sub-
stantia nigra by caudato-nigral fibers.
Brain Res32:225-28

Beckstead RM, Cruz CJ. 1985. Striatal
axons to the globus pallidus, entopedun-
cular nucleus and substantia nigra come

mainly from separate cell populations in 48a.

cat.Neurosciencd 9:147-58
Gerfen CR, Young WS IIl. 1988. Dis-

41.

42.

43.

44,

45,

46.

47.

48.

tribution of striatonigral and striatopal-
lidal peptidergic neurons in both patch
and matrix compartments: &msitu hy-
bridization histochemistry and fluores-
cent retrograde tracing studrain Res.
460:161-67

Kawaguchi Y, Wilson CJ, Emson PC.
1990. Projection subtypes of rat neostri-
atal matrix cells revealed by intracellu-
lar injection of biocytinJ. Neuroscil0:
3421-38

Kawaguchi Y, Wilson CJ, Augood SJ,
Emson PC. 1995. Striatal interneurones:
chemical, physiological and morpholog-
ical characterizationTrends Neurosci.
18:527-35

Anderson KD, Reiner A. 1991. Immuno-
histochemical localization of DARPP-
32 in striatal projection neurons and
striatal interneurons: implications for
the localization of D1-like dopamine re-
ceptors on different types of striatal neu-
rons.Brain Res568:235-43

Ouimet CC, Greengard P. 1990. Distri-
bution of DARPP-32 in the basal gan-
glia: an electron microscopic study.
Neurocytol.19:39-52

Lloyd K, Hornykiewicz O. 1970. Parkin-
son’s disease: activity of L-dopa decar-
boxylase in discrete brain regionSci-
encel70:1212-13

Kelly PH, Iversen SD. 1975. Selec-
tive 60HDA-induced destruction of
mesolimbic dopamine neurons: aboli-
tion of psychostimulant-induced loco-
motor activity in ratsEur. J. Pharmacol.
40:45-56

Hyman SE, Malenka RC. 2001. Addic-
tion and the brain: the neurobiology of
compulsion and its persistenddature
Rev. Neurosc2:695-703

Stoof JC, Kebabian JW. 1981. Oppos-
ing roles for D-1 and D-2 dopamine re-
ceptors in efflux of cyclic AMP from rat
neostriatumNature294:366—68

Sibley DR, Monsma FJ Jr. 1992. Molec-
ular biology of dopamine receptors.
Trends Pharmacol. Sc13:61-69



292

SVENNINGSSON ET AL.

49

50.

51.

52.

53.

54.

55.

56.

57.

58.

. Lezcano N, Mrzljak L, Eubanks S,
Levenson R, Goldman-Rakic P, Bergson
C. 1999. Dual signaling regulated by cal-
cyon, a D1 receptor interacting protein.
Science287:1660—64

Nishi A, Snyder GL, Greengard P. 1997.
Bidirectional regulation of DARPP-32
phosphorylation by dopamind. Neu-
rosci.17:8147-55

Gerfen CR, Engber TM, Mahan LC,
Susel Z, Chase TN, et al. 1990. D1 and
D2 receptor-regulated gene expression
of striatonigral and striatopallidal neu-
rons.Science250:1429-32

Bertorello AM, Hopfield JF, Aperia
A, Greengard P. 1990. Inhibition by
dopamine of (N&/K™) ATPase activity
in neostriatal neurons through D1 and
D2 dopamine receptor synergisia-
ture 347:386-88

Surmeier DJ, Son WJ, Yan Z. 1996. Co-
ordinated expression of dopamine recep-
tors in neostriatal medium spiny neu-
rons.J. Neuroscil6:6579-91

Aizman O, Brismar H, Uhlen P, Zetter-
gren E, Levey Al, et al. 2000. Anatom-
ical and physiological evidence for D1
and D2 dopamine receptor colocaliza-
tion in neostriatal neurondNat. Neu-
rosci. 3:226-30

Le Moine C, Bloch B. 1996. Expres-
sion of the D3 dopamine receptor in
peptidergic neurons of the nucleus ac-
cumbens: comparison with the D1 and
D2 dopamine receptordNeuroscience
73:131-43

Robertson GS, Vincent SR, Fibiger HC
1990. Striatonigral projection neurons
contain D1 dopamine receptor-activated
c-fos.Brain Res523:288-90

Chergui K, Svenningsson P, Nomikos
GG, Gonon F, Fredholm BB, et al. 1997.
Increased expression of NGFI-A mRNA
in the rat striatum following burst stim-
ulation of the medial forebrain bundle.
Eur. J. Neurosci9:2370-82

Gonon F. 1997. Prolonged and extrasy-
naptic excitatory action of dopamine me-

59.

60.

61.

62.

63.

64.

65.

diated by D1 receptors in the rat striatum
in vivo. J. Neuroscil7:5972-78

West AR, Grace AA. 2002. Opposite in-
fluences of endogenous dopamine D1
and D2 receptor activation on activity
states and electrophysiological proper-
ties of striatal neurons: studies com-
bining in vivo intracellular recordings
and reverse microdialysig. Neurosci.
22:294-304

Svenningsson P, Lindskog M, Ledent
C, Parmentier M, Greengard P, et al.
2000. Regulation of the phosphorylation
of the dopamine- and cAMP-regulated
phosphoprotein of 32 kDa in vivo by
dopamine D1, dopamine D2, and adeno-
sine Aps receptorsProc. Natl. Acad. Sci.
USA97:1856-60

Lindskog M, Svenningsson P, Fredholm
BB, Greengard P, Fisone G. 1999. Ac-
tivation of dopamine D2 receptors de-
creases DARPP-32 phosphorylation in
striatonigral and striatopallidal projec-
tion neurons via different mechanisms.
Neuroscienc@&8:1005-8

Nishi A, Bibb JA, Snyder GL, Higashi
H, Nairn AC, et al. 2000. Amplifica-
tion of dopaminergic signaling by a posi-
tive feedback loopProc. Natl. Acad. Sci.
USA97:12840-45

Fienberg AA, Greengard P. 2000. The
DARPP-32 knockout mous8rain Res.
Brain Res. Re81:313-19

Snyder GL, Fienberg AA, Huganir RL,
Greengard P. 1998. A dopamine/D1 re-
ceptor/protein kinase A/dopamine- and
cAMP-regulated phosphoprotein (Mr
32 kDa)/protein phosphatase-1 path-
way regulates dephosphorylation of the
NMDA receptor.J. Neuroscil8:10297—
303

Flores-Hernandez J, Hernandez S, Sny-
der GL, Yan Z, Fienberg AA, et al.
2000. D(1) dopamine receptor activa-
tion reduces GABA(A) receptor cur-
rents in neostriatal neurons through
a PKA/DARPP-32/PP1 signaling cas-
cadeJ. Neurophysiol83:2996-3004



DARPP-32 293

66.

67.

68.

69.

70.

71.

72.

73.

Flores-Hernandez J, Cepeda C, Hernan-

dez-Echeagaray E, Calvert CR, Jokel
ES, et al. 2002. Dopamine enhance-
ment of NMDA currents in dissociated
medium-sized striatal neurons: role of
D1 receptors and DARPP-32. Neuro-
physiol.88:3010-20

Calabresi P, Gubellini P, Centonze D,
Picconi B, Bernardi G, et al. 2000.
Dopamine and cAMP-regulated phos-
phoprotein 32 kDa controls both striatal
long-term depression and long-term po-
tentiation, opposing forms of synaptic
plasticity.J. Neurosci20:8443-51

Liu FC, Graybiel AM. 1996. Spatiotem-
poral dynamics of CREB phosphory-
lation: transient versus sustained phos-
phorylation in the developing striatum.
Neuronl7:1133-44

Svenningsson P, Fienberg AA, Allen PB,
LeMoine C, Lindskog M, et al. 2000.
Dopamine D(1) receptor-induced gene
transcription is modulated by DARPP-
32.J. Neurochem?5:248-57

Parsons LH, Koob GF, Weiss F. 1995.
Serotonin dysfunction in the nucleus ac-
cumbens of rats during withdrawal after
unlimited access to intravenous cocaine.
J. Pharmacol. Exp. Ther274:1182—
91

Svenningsson P, Tzavara ET, Liu F, Fien-
berg AA, Nomikos GG, Greengard P.
2002. DARPP-32 mediates serotonergic
neurotransmission in the forebralroc.
Natl. Acad. Sci. USA9:3188-93

Sora |, Hall FS, Andrews AM, Itokawa
M, Li XF, et al. 2001. Molecular mech-
anisms of cocaine reward: combined
dopamine and serotonin transporter
knockouts eliminate cocaine place pref-
erenceProc. Natl. Acad. Sci. USAS:
5300-5

Zachariou V, Benoit-Marand M, Allen
PB, Ingrassia P, Fienberg AA, etal. 2002.
Reduction of cocaine place preference in
mice lacking the protein phosphatase 1
inhibitors DARPP 32 or Inhibitor Biol.
Psychiatry51:612-20

74

75.

76.

77.

78.

79.

80.

81.

Halpain S, Girault J-A, Greengard P.
1990. Activation of NMDA receptors in-
duced dephosphorylation of DARPP-32
in rat striatal slicesNature 343:369—
72

Nishi A, Bibb JA, Matsuyama S,
Hamada M, HigashiH, etal. 2002. Regu-
lation of DARPP-32 dephosphorylation
at PKA- and Cdk5-sites by NMDA and
AMPA receptors: distinct roles of cal-
cineurin and protein phosphatage-J.
Neurochem81:832-41

Hollmann M, Hartley M, Heinemann S.
1991. C&* permeability of KA-AMPA-
gated glutamate receptor channels de-
pends on subunit compositioBcience
252:851-53

MacDermott AB, Mayer ML, West-
brook GL, Smith SJ, Barker JL. 1986.
NMDA-receptor activation increases cy-
toplasmic calcium concentration in cul-
tured spinal cord neuronesNature
321:519-22

Schoepp DD, Jane DE, Monn JA. 1999.
Pharmacological agents acting at sub-
types of metabotropic glutamate recep-
tors.Neuropharmacolog$8:1431-76
Tallaksen-Greene SJ, Kaatz KW, Ro-
mano C, Albin RL. 1998. Localization
of mGluR1a-like immunoreactivity and
MGIuR5-like immunoreactivity in iden-
tified populations of striatal neurons.
Brain Res.780:210-17

Testa CM, Friberg IK, Weiss SW, Stan-
daert DG. 1998. Immunohistochemical
localization of metabotropic glutamate
receptors mGluRl1la and mGIuR2/3 in
the rat basal ganglial. Comp. Neurol.
390:5-19

Paolillo M, Montecucco A, Zanassi P,
Schinelli S. 1998. Potentiation of dopa-
mine-induced cAMP formation by group

| metabotropic glutamate receptors via
protein kinase C in cultured striatal neu-
rons.Eur. J. Neuroscil0:1937-45

. Wang JQ, McGinty JF. 1998. Metabo-

tropic glutamate receptor agonist in-
creases neuropeptide MRNA expression



294

SVENNINGSSON ET AL.

83

84.

85.

86.

87.

88.

88a.

89.

in rat striatum.Brain Res. Mol. Brain
Res54:262-69
. Sacaan Al, Bymaster FP, Schoepp DD.
1992. Metabotropic glutamate recep-
tor activation produces extrapyramidal
motor system activation that is medi-
ated by striatal dopamind. Neurochem.
59:245-51

Chiamulera C, Epping-Jordan MP, Zoc-
chi A, Marcon C, Cottiny C, et al. 2001.
Reinforcing and locomotor stimulant ef-
fects of cocaine are absent in mGIuR5
null mutant miceNat. Neurosci4:873—
74

Nishi A, Liu F, Matsuyama S, Hamada
M, Higashi H, et al. 2003. Metabotropic
mGlu5 receptors regulate adenosing A
receptor signaling?roc. Natl. Acad. Sci.
USA100:1322-27

Heidinger V, Manzerra P, Wang XQ,
Strasser U, Yu SP, et al. 2002. Metabo-
tropic glutamate receptor 1-induced up-
regulation of NMDA receptor current:
mediation through the Pyk2/Src-family
kinase pathway in cortical neurond.
Neurosci22:5452—-61

Peavy RD, Chang MS, Sanders-Bush E,
Conn PJ. 2001. Metabotropic glutamate
receptor 5-induced phosphorylation of
extracellular signal-regulated kinase in
astrocytes depends on transactivation of
the epidermal growth factor receptdr.
Neurosci21:9619-28

Gerfen CR, Miyachi S, Paletzki R,
Brown P. 2002. D1 dopamine recep-
tor supersensitivity in the dopamine-
depleted striatum results from a switch in
the regulation of ERK1/2/MAP kinase.
J. Neurosci22:5042-54

Ferre S, Karcz-Kubicha M, Hope BT,
Popoli P, Burgueno J, et al. 2002.
Synergistic interaction between adeno-
sine A2A and glutamate mGIlu5 recep-
tors: implications for striatal neuronal
function. Proc. Natl. Acad. Sci. USA
99:11940-45

Liu F, Virshup DM, Nairn AC, Green-
gard P. 2002. Mechanism of regulation

90.

91.

92.

93.

94.

95.

96.

97.

98.

of casein kinase | activity by group
I metabotropic glutamate receptork.
Biol. Chem277:43393-99

Liu F, Ma XH, Ule J, Bibb JA, Nishi
A, et al. 2001. Regulation of cyclin-de-
pendent kinase 5 and casein kinase 1 by
metabotropic glutamate receptoPsoc.
Natl. Acad. Sci. USA8:11062—-68
Snyder GL, Fisone G, Greengard P.
1994. Phosphorylation of DARPP-32
is regulated by GABA in rat stria-
tum and substantia nigrd. Neurochem.
63:1766-71

Schiffmann SN, Jacobs O, Vander-
haeghen JJ. 1991. Striatal restricted
adenosine A receptor (RDCB8) is ex-
pressed by enkephalin but not by sub-
stance P neurons: amsituhybridization
histochemistry studyl. Neurochem57:
1062-67

Svenningsson P, Le Moine C, Fisone G,
Fredholm BB. 1999. Distribution, bio-
chemistry and function of striatal adeno-
sine A receptors.Prog. Neurobiol.
59:355-96

Svenningsson P, Lindskog M, Rognoni
F, Fredholm BB, Greengard P, Fisone
G. 1998. Activation of adenosine,A
and dopamine B receptors stimu-
lates cAMP-dependent phosphorylation
of DARPP-32 in distinct populations
of striatal projection neuronsNeuro-
scienceB4:223-28

Lindskog M, Svenningsson P, Pozzi L,
Kim Y, Fienberg AA, et al. 2002. In-
volvement of DARPP-32 phosphoryla-
tion in the stimulant action of caffeine.
Nature418:774—-78

Snyder SH, Bredt DS. 1991. Nitric oxide
as a neuronal messengérends Phar-
macol. Scil2:125-28

Tsou K, Snyder GL, Greengard P.
1993. Nitric oxide/cGMP pathway stim-
ulates phosphorylation of DARPP-32, a
dopamine- and cAMP-regulated phos-
phoprotein, in the substantia nigRroc.
Natl. Acad. Sci. USA0:3462-65
Shoffelmeer AN, Hansen HA, Stoof JC,



DARPP-32 295

99.

100.

101.

102.

103.

104.

105.

106.

107.

Mulder AH. 1986. Blockade of D-2
dopamine receptors strongly enhances

the potency of enkephalins to inhibit 108.

dopamine-sensitive adenylate cyclase in
rat neostriatum: involvement of delta-
and mu-opioid receptorsl. Neurosci.
6:2235-39

Georges F, Stinus L, Bloch B, Le Moine 109.

C.1999. Chronic morphine exposure and
spontaneous withdrawal are associated
with modifications of dopamine receptor
and neuropeptide gene expression in the
rat striatumEur. J. Neuroscil1:481-90
Lindskog M, Svenningsson P, Fredholm
B, Greengard P, Fisone G. 1999. Mu-
and delta-opioid receptor agonists in-
hibit DARPP-32 phosphorylation in dis-

tinct populations of striatal projection 111.

neuronsEur. J. Neuroscill:2182—-86
Vanderhaegen JJ, Signeau JC, Gepts W.
1975. New peptide in the vertebrate CNS
reacting with antigastrin antibodieNa-

ture 257:604-5

Dodd J, Kelly JS. 1981. The actions of 112.

cholecystokinin and related peptides on
pyramidal neurones of the mammalian
hippocampusBrain Res205:337-50
Meyer DK, Beinfeld MC, Oertel WH,
Brownstein MJ. 1982. Origin of the

cholecystokinin-containing fibers in the 113.

rat caudatoputamerscience?215:187—
88

Snyder GL, Fisone G, Morino P, Gunder-
sen V, Ottersen OP, et al. 1993. Regula-
tion by the neuropeptide cholecystokinin

(CCK-8S) of protein phosphorylation in  114.

the neostriatumProc. Natl. Acad. Sci.
USA90:11277-81

Kitabgi P. 1989. Neurotensin modulates
dopamine neurotransmission at several
levels along brain dopaminergic path-
ways.Neurochem. Int14:111-19
Nemeroff CB. 1980. Neurotensin: per-
chance an endogenous neurolepHas.
Psychiatry15:283-302

Schotte A, Rostene W, Laduron PM.
1988. Different subcellular localization
of neurotensin-receptor and neurotensin-

110.

115.

acceptor sites in the rat brain dopaminer-
gic systemJ. Neurochemb0:1026—-31
Sarret P, Beaudet A, Vincent JP, Mazella
J. 1998. Regional and cellular distribu-
tion of low affinity neurotensin receptor
mMRNA in adult and developing mouse
brain.J. Comp. Neurol394:344-56
Okuma Y, Fukuda Y, Osumi Y. 1983.
Neurotensin potentiates the potassium-
induced release of endogenous dopa-
mine from rat striatal slice&ur. J. Phar-
macol.93:27-33

Ferraro L, Tanganelli S, O’Connor WT,
Bianchi C, Ungerstedt U, et al. 1995.
Neurotensin increases endogenous glu-
tamate release in the neostriatum of the
awake ratSynaps0:362—-64
Matsuyama S, Higashi H, Maeda H,
Greengard P, Nishi A. 2002. Neurotensin
regulates DARPP-32 Tffiphosphoryla-
tion in neostriatal neurons by activation
of dopamine D1-type receptord. Neu-
rochem.81:325-34

Auger AP, Meredith JM, Snyder GL,
Blaustein JD. 2001. Oestradiol increases
phosphorylation of a dopamine- and
cyclic AMP-regulated phosphoprotein
(DARPP-32) in female rat braireur. J.
Neurosci13:761-68

Mani SK, Fienberg AA, O’Callaghan
JP, Snyder GL, Allen PB, et al. 2000.
Requirement for DARPP-32 in proges-
terone-facilitated sexual receptivity in
female rats and mic&cienc87:1053—
56

Meredith JM, Moffatt CA, Auger AP,
Snyder GL, Greengard P, Blaustein JD.
1998. Mating-related stimulation in-
duces phosphorylation of dopamine- and
cyclic AMP-regulated phosphoprotein-
32in progestin receptor containing areas
in the female rat brain). Neurosci18:
10189-95

Lindgren N, Usiello A, Goiny M, Hay-
cock J, Erbs E, et al. 2003. Distinct
roles of dopamine D2L and D2S recep-
tor isoforms in the regulation of pro-
tein phosphorylation at presynaptic and



296

SVENNINGSSON ET AL.

115a.

116.

117.

118.

119.

120.

postsynaptic site®roc. Natl. Acad. Sci. 121
USA100:4305-9

Pozzi L, Kkansson K, Usiello A,
Borgkvist A, Lindskog M, et al. 2003.
Opposite regulation by typical and atyp-
ical anti-psychotics of ERK1/2, CREB
and Elk-1 phosphorylation in mouse dor-
sal striatumJ. Neurochenm86:451-60
Meltzer HY, Matsubara S, Lee J-C.
1989. Classification of typical and atyp-
ical antipsychotic drugs on the basis of
dopamine D-1, D-2 and serotonipK;
valuesJ. Pharmacol. Exp. The216:67—
71

Nestler EJ, Barrot M, DiLeone RJ, Eisch
AJ, Gold SJ, Monteggia LM. 2002. Neu-
robiology of depressiorNeuron34:13—
25

Svenningsson P, Tzavara ET, Witkin JM,
Fienberg AA, Nomikos GG, Greengard
P. 2002. Involvement of striatal and ex-
trastriatal DARPP-32 in biochemical and
behavioral effects of fluoxetine (Prozac).
Proc. Natl. Acad. Sci.USA9:3182—
87

Mouradian MM, Heuser IJE, Baronti F,
Fabbrini G, Juncos JL, Chase TN. 1989.
Pathogenesis of dyskinesias in Parkin-
son’s diseaséAnn. Neurol25:523-26
Picconi B, Centonze D, akansson K,
Bernardi G, Greengard P, et al. 2003.
Loss of bidirectional striatal synaptic
plasticity in L-DOPA-induced dyskine-
sia.Nat. Neurosci6:501-6

122.

123.

124.

125.

126.

127.
128.

. Maldve RE, Zhang TA, Ferrani-Kile K,
Schreiber SS, Lippmann MJ, et al. 2002.
DARPP-32 and regulation of the ethanol
sensitivity of NMDA receptors in the nu-
cleus accumbenslat. Neurosci5:641—
48

Risinger FO, Freeman PA, Greengard
P, Fienberg AA. 2001. Motivational ef-
fects of ethanol in DARPP-32 knock-out
mice.J. Neurosci21:340-48

Lovinger DM, White G, Weight FF.
1989. Ethanol inhibits NMDA-activated
ion currents in hippocampal neurons.
Science243:1721-24

Ledent C, Vaugeois JM, Schiffmann
SN, Pedrazzini T, El Yacoubi M, et al.
1997. Aggressiveness, hypoalgesia and
high blood pressure in mice lacking
the adenosine # receptor. Nature
388:674-78

Nestler EJ. 2001. Molecular basis of
long-term plasticity underlying addic-
tion. Nat. Rev. Neurosc2:119-28

Bibb JA, Chen J, Taylor JR, Svennings-
son P, Nishi A, et al. 2001. Effects of
chronic exposure to cocaine are regu-
lated by the neuronal protein CdkSa-
ture 410:376-80

Deleted in proof

Hiroi N, Fienberg AA, Haile CN, Al-
burges M, Hanson GR, et al. 1999. Neu-
ronal and behavioural abnormalities in
striatal function in DARPP-32-mutant
mice.Eur. J. Neuroscil1:1114-18



DARPP-32 C-1

PKA CDKS CK2 CK1
DARPP-32 * ¢ ¢
NH, - ; $137, -COOH

Phosphorylation site
_ Acidic domain
PP-1 inhibitory domain
== PP-1 docking motif

PP-2C

Figurel Multisite phosphorylation of DARPP-32. DARPP-32 is phosphorylated at
Thr34 by protein kinase A (PKA) [and protein kinase G (PKG), not shown], at Thr’s
by cdk5, at Serl02 by CK2, and at Serl37 by CK1. Phospho-Thr34 is preferentially
dephosphorylated by PP-2B (or calcineurin), although PP-2A also can dephosphory-
late this site; phospho-Thr7 is preferentially dephosphorylated by PP-2A; phospho-
Ser137 js preferentially dephosphorylated by PP-2C; the phosphatase for phospho-
Serl02 js not yet fully characterized. Phosphorylation of Serl02 of DARPP-32 by
CK2 increases the rate of phosphorylation of Thr34 by PKA (but not by PKG); phos-
phorylation of Ser137 of DARPP-32 by CK 1 decreases the rate of dephosphorylation
of phospho-Thr34 by PP-2B. Phosphorylation at Thr”> converts DARPP-32 into an
inhibitor of PKA, reducing its ability to phosphorylate DARPP-32 and other sub-
strates. (Blue arrow indicates positive effect; red arrows indicate negative effect).
Phosphorylation of Thr34 converts DARPP-32 into a potent inhibitor of PP-1. The
NHo-terminal domain of DARPP-32, which contains the PP-1 docking motif and
phospho-Thr34, is shown. In distinct ways, phosphorylation of Serl02 and Serl37 acts
to increase phosphorylation of Thr34 and therefore potentiate dopaminergic signaling
viathe cAMP/PKA/DARPP-32/PP-1 pathway. In contrast, phosphorylation of Thrs
acts to inhibit dopaminergic signaling via this pathway.
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Figure 2 Schematic drawing of the neurona pathways interconnecting different
subnuclei of the basal ganglia. Blue arrows indicate excitatory pathways, red
arrows indicate inhibitory pathways, dark green arrows indicate modulatory
dopamine pathways, and light green arrows indicate modulatory serotonin path-
ways. Abbreviations: Ach, acetylcholine; D-32, DARPP-32; ENK, enkephalin;
EPN, entopeduncular nucleus; Gpe, globus pallidus externa part; GPi, globus pal-
lidus internal part; RN, Raphe nuclei; SP, substance P, SNc, substantia nigra pars
compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; Thal,
thalamus; VTA, ventral tegmental area.
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Figure3 Signaling pathways mediating the major effects of neurotransmitters and drugs on
DARPP-32 phosphorylation a Thr34 in the two subtypes of striatal projection neurons.
Multiple factors have been shown to regulate DARPP-32 phosphorylation in striatal neurons.
Based on the anatomical localization of the receptors mediating the effects of these factors,
such regulation occurs predominantly in striatonigral neurons, striatopallidal neurons, or both.
In striatonigral neurons, activation by dopamine of D; dopamine receptors stimul ates the phos-
phorylation of DARPP-32 at Thr34. Thisis achieved through a pathway involving the activa-
tion of adenylyl cyclase, the formation of cCAMP, and the activation of PKA. Activation of this
pathway plays an important role in mediating the effects of levodopa, cocaine, and ampheta-
mine on DARPP-32 phosphorylation. In striatopallidal neurons, activation by adenosine of
Aop receptors stimulates the cAMP/PKA/Thr34-DARPP-32 pathway. Blockade of this path-

way is an important component of the action of caffeine. Activation by dopamine of the D,

subclass of dopamine receptors causes the dephosphorylation of DARPP-32 through two syn-
ergistic mechanisms: (a) inhibition of cAMP formation and (b) increase in intracellular Ca2*,

which activates the Ce2+-dependent protein phosphatase PP-2B (or calcineurin), and, in turn,
dephosphorylates DARPP-32 at Thr34. The typical antipsychotic agent, haloperidol (Haldol),

exerts some of its effects by antagonizing the D, receptor-mediated inhibition of DARPP-32
phosphorylation. Opiates inhibit the cCAMP/PKA/Thr34-DARPP-32 pathway. This effect

occurs via W receptors in striatonigral neurons and & receptors in striatopalidal neurons. In
both classes of projection neurons, glutamate functions as a fast-acting and dow-acting neu-
rotransmitter (see Figure 4). GABA, via activation of GABA, receptors, decreases Ca*

influx, inactivates PP-2B, and causes increased phosphorylation of DARPP-32 on Thr34,

Drugs that elevate the synaptic availability of serotonin, including fluoxetine (Prozac),
increase phosphorylation of DARPP-32 at Thr34, The intercellular messenger NO activates
cGMP/PKG signaling and increases phosphorylation of DARPP-32 at Thr34. Multiple neu-

ropeptides have aso been shown to regulate DARPP-32 phosphorylation. Neurotensin
increases Thr34-DARPP-32 phosphorylation through stimulating the release of dopamine.

Conversaly, cholecystokinin (CCK), by stimulating the release of glutamate, decreases Thr34-

DARPP-32 phosphorylation.
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Figure4 Some of the integration mechanisms involved in dopamine and glutamate signal-
ing via kinase/phosphatase cascades. Dopamine, via D, receptors, stimulates Golf, adenylyl
cyclase, the formation of cCAMP, and the activation of PKA. (&) PKA phosphorylates
DARPP-32 a Thr34, which (b) converts DARPP-32 into a potent inhibitor of PP-1. (¢) PKA
also activates PP-2A, which (d) dephosphorylates DARPP-32 at Thr7S, thereby (€) reducing
the inhibitory action of phospho-Thr’5-DARPP-32 on PKA activity (prodopaminergic). The
PKA/PP-2A/Thr75-DARPP-32/PK A/Thr34-DARPP-32-signaling cascade (shaded area)
serves as a positive feedback loop in the regulation of the D;/PKA/Thr34-DARPP-32/PP-1
signaling cascade. Glutamate acts via NMDA/AMPA receptors and mGluyg receptors.
NMDA/AMPA receptors raise intracellular Ce2* that (f) stimulates PP-2A activity through an
unknown mechanism (prodopaminergic) and (g) activates PP2B, which (h) dephosphory-
lates DARPP-32 at Thr34 (antidopaminergic). mGluys receptors, via a Gg/phospholipase
C/IP3/Ca2*/PP-2B signaling cascade, regulate dopaminergic signaling through at least three
(h—m) distinct pathways: (h) PP-2B dephosphorylation of Thr3*DARPP-32 (anti-dopaminer-
gic); (i) PP-2B activates CK1, which not only (j) activates Cdk5 and (k) phosphorylates
Thr7>-DARPP-32 (antidopaminergic), but (I) phosphorylates Serl37-DARPP-32 and (m)
reduces PP-2B activity toward Thr34-DARPP-32 (prodopaminergic). The fact that
NMDA/AMPA and mGluys receptor signaling can esch be either pro- or antidopaminergic
indicates the complexity of the interaction between dopamine and glutamate signaling. For
didactic purposes, steps of regulation of the PKA/PP-2A/Thr’S-DARPP-32/PKA/Thr34-
DARPP-32 cascade (shaded area) that are prodopaminergic are indicated by blue arrows and
those that are antidopaminergic by red arrows.



