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S
ubstance-related disorders repre-
sent a major burden to afflicted
individuals, their families, and soci-
ety. Repeated drug use can result

in addiction, manifested as an intense de-
sire for the drug, along with an impaired
ability to temper its use, even in the face
of serious consequences. Many tens of
millions of people are addicted to drugs
of abuse, and with costs to society in the
many hundreds of billions of dollars per
annum, there is little doubt that under-
standing the consummate processes
(followed by advances in treatments) rep-
resents a major goal for medicine (1, 2).

Although many transmitters have been
implicated in the effects of the various
types of drugs of abuse, dopamine and,
more recently, glutamate have been most
consistently associated with the reinforc-
ing effects. Indeed, there is considerable
evidence that the mesolimbic dopaminer-
gic pathway plays a crucial role in the se-
lection and orchestration of goal-directed
behaviors, particularly those elicited by
incentive stimuli. Drugs of abuse increase
extracellular dopamine concentrations in
limbic regions, including the nucleus ac-
cumbens (1, 2). However, a growing body
of data suggests that increases in dopa-
mine are not directly related to reward per
se, but, rather, to the learned anticipation
of reward and incentive salience (3). No-
tably, salience affects the motivation to
seek the anticipated reward and facilitates
conditioned learning (3).

The key role of conditioned learning
has focused attention on neural systems
that attribute incentive salience, most no-
tably a circuit that includes glutamate pro-
jections from the prefrontal cortex to the
nucleus accumbens and dorsal striatum.
This finding has led to the hypothesis that
key biochemical events underlying drug-
induced changes in neural plasticity
should occur specifically in neurons iner-
vated by both dopamine and glutamate
inputs.

In this issue of PNAS, Valjent et al.
(4) provide an important link, implicat-
ing dopamine, cAMP-regulated phos-
phoprotein of 32,000 kDa (DARPP-32)
glutamate as mediators of drug-related
changes in the activity of the extracel-
lular signal-regulated kinase (ERK)
mitogen-activated protein (MAP) ki-
nase pathway. Activation of the ERK
cascade represents an exciting nexus

for drug-induced changes in neural
plasticity—it is known to be important
for long-term synaptic plasticity, and
its activation has been shown to de-
pend on both dopamine and glutamate
receptors.

DARPP-32 is localized to neurons con-
taining dopamine receptors and is a po-
tent inhibitor of protein phosphatase 1,
which plays a central role in dopaminergic
and glutamatergic signaling, and in inte-
grating the activity of these two pathways.
Dopamine, acting through the D1 recep-
tor and the adenylate cyclase-stimulatory
G protein Gs�Golf, activates adenylate cy-
clase, thereby bringing about protein ki-
nase A (PKA)-mediated phosphorylation
of DARPP-32. By contrast, acting through
the D2 receptor and the adenylate cyclase-
inhibitory Gi proteins, dopamine reduces
DARPP-32 phosphorylation (Fig. 1). Cal-
cineurin acts as a principle mediator of
dephosphorylation-dependent inactivation
of DARPP-32 (see ref. 5 for a review).
Consistent with these observations,
knockout mice with disruption of the
DARPP-32 gene have been previously
shown to have alterations in their molecu-
lar, electrophysiological, and behavioral
responses to dopamine, drugs of abuse,
and antipsychotic medications (5–8). Fur-
thermore, the calcineurin inhibitor FK506
modulates methamphetamine-induced

behavioral changes in rats (9). Glutamate
also promotes dephosphorylation of
DARPP-32, presumably through calcium-
dependent activation of calcineurin (5,
10). DARPP-32, as reported previously by
Greengard et al. (5), occupies a unique
position whereby it modulates, bidirection-
ally, both dopaminergic and glutamatergic
signaling depending on which threonine
(Thr) residue within the protein is phos-
phorylated. Phospho-Thr-34-DARPP-32
amplifies the D1�PKA pathway, whereas
phosphor-Thr-75 DARPP-32 dampens it,
thereby shifting the balance toward de-
phosphorylation of target substrates via
PP-1 (5, 11). Thus, DARPP-32 has been
postulated to represent a ‘‘molecular
switch’’ that regulates and fine-tunes the
phosphorylation state of PP-1 target
proteins (Fig. 1).

The new findings reported by Valjent et
al. (4) strongly implicate the ERK signal-
ing cascade as a putative downstream ef-
fector of DARPP-32-mediated changes in
neural plasticity induced by drugs of abuse
(4). In a broad sense, the ERK signaling
cascade is a general mediator�marker of
various forms of neural plasticity. The

See companion article on page 491.
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Fig. 1. Diagram of DARPP-32. STEP, striatal enriched phosphatase; NMDAR, NMDA glutamate receptors.
Adapted with permission from ref. 11.
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functions of ERK and related kinases in
learning and memory are well docu-
mented, where both long-term potentia-
tion and long-term depression rely on this
pathway and both short-term and long-
term effects are relevant (12). Further-
more, many of the cellular actions of
neurotrophic factors are mediated through
ERK activation after binding to a receptor
tyrosine kinase (Trk). After Trk autophos-
phorylation and activation, the small G
protein Ras activates the serine-threonine
kinase Raf, which results in the subse-
quent phosphorylation of kinases MAP
kinase�ERK kinase (MEK), ERK, and
ribosomal S6 kinase (RSK). RSK, directly
and indirectly, modulates a number
proteins involved in neurotrophic and
neuroplastic functions, including the tran-
scription factor cAMP-response element-
binding protein (CREB) (Fig. 1).

Valjent et al. (4) have provided further
evidence for a nexus between dopaminer-
gic and glutamatergic pathways, DARPP-
32, and ERK, implying modalities of
discourse among these pathways and pro-
teins. They report that administration of
d-amphetamine to mice increases phos-
phorylated (activated) ERK, specifically in
medium spiny neurons of the dorsal stria-
tum and nucleus accumbens. Further-
more, in the dorsal striatum, P-ERK was
localized almost exclusively to a subset of
neurons that express both the dopamine
D1 receptor and phosphorylated DARPP-
32. This effect was prevented when the
drug was administered to DARPP-32
knockout mice. A similar effect of co-
caine, nicotine, morphine, and �9-tetrahy-
drocannabinol on ERK phosphorylation
in the nucleus accumbens was reduced in
knockout mice.

Both dopamine D1R and NMDA re-
ceptor antagonists blocked the effects of
d-amphetamine on ERK phosphorylation.
Importantly, whereas the NMDA receptor
antagonist blocked ERK activation, it had
no effect on the phosphorylation of
DARPP-32. The authors used DARRP-32
knock-in mice, where the PKA Thr-34 site
is replaced by alanine to determine that
both striatal and nucleus accumbens (but
not prefrontal cortex) phosphorylation of
ERK was prevented after administration
of either cocaine or d-amphetamine, and

they provided evidence for specificity at
the PKA phosphorylation site. Further-
more, phosphorylation of the ERK
substrate Elk-1 was increased by
d-amphetamine and cocaine. Using a
blood–brain barrier penetrant inhibitor
of MEK (ERK kinase) or mice with the
Thr-34 mutation prevented the phosphor-
ylation of Elk-1. ERK activation and
Elk-1 are responsible for many down-
stream transcriptional effects not yet fully
studied vis-à-vis DARPP-32.

Finally, administration of the MEK in-
hibitor, similar to mutated DARPP-32
mice, prevented the behavioral sensitiza-
tion effects of cocaine. However, the
acute affects were not attenuated, and it is
yet to be determined whether the altered
behavioral response to secondary d-
amphetamine exposure are due to
blockage of development of behavioral
sensitization to psychostimulants specifi-
cally or secondary to effects more gener-
ally attributable to learned behavior. It
should be noted that ERK1 knockout
mice are generally hyperactive and are
hypersensitive to the rewarding properties
of morphine (13). Administration of the
MEK inhibitor to rats at higher doses in-
creases activity both in an open-field test
and in the forced-swim test model of anti-
depressant efficacy, suggesting that the
ERK signaling cascade plays an important
role in modulating a variety of complex
behaviors (14).

Their findings indicate that two comple-
mentary mechanisms may be involved.
First, striatal enriched phosphatase, a pro-
tein involved in dephosphorylation of
ERK, appeared to be phosphorylated af-
ter d-amphetamine administration, as evi-
denced by a decrease in gel migration.
Although not confirmed with phosphory-
lation site-specific antibodies, a likely
explanation is an increase in phosphoryla-
tion of an inhibitory serine site. Consistent
with the aforementioned effects of the
MEK inhibitor, phosphorylation of MEK
was also increased in the striatum of mice
after administration of amphetamine.
Both of these effects were prevented in
DARPP-32 knockout mice.

In light of such convergence, we are
reminded that signaling networks are
finely tuned interconnected systems, with

intricate positive and negative feedback
loops.

An unresolved concern is whether a
ubiquitous signaling pathway like the
ERK cascade can play only a specific role,
such as mediating the effects of drugs of
abuse. Valjent et al. (4) correctly point out
that there are different classifications of
ERK-positive cells in the striatum that
have different inputs, outputs, and func-
tions. Furthermore, it is now clear that
signaling systems are anchored and clus-
tered, and, thus, subcellular localization of
changes may also be critical in providing
specificity. The ERK signaling network,
nevertheless, is characterized by modules
with well defined input and output, as
well as by feedback loops and multistep
regulatory controls (15). These features
suggest that ‘‘learned behavior’’ of biologi-
cal systems may well be stored within
intracellular biochemical reactions that
comprise signaling pathways like the ERK
cascade (15). Future studies should ad-
dress whether psychostimulants, antide-
pressants, and neuroleptics, which have
been associated with ERK activation in
the striatum, induce this effect in unique
populations of neurons and, especially,
those containing DARRP-32-positive cells
(16, 17). Although few studies have di-
rectly contrasted the behavioral signifi-
cance of ERK activation induced by these
agents, it is reasonable that, in different
neuronal circuits, ERK activation and du-
ration alter subsets of behavior and that
the roles of ERK cannot be simplified or
generalized. In conclusion, Valjent et al.
(4) have provided a clearer understanding
of drug-induced alterations in a major
regulatory hub of signaling networks;
these findings have the potential to facili-
tate the development of novel therapeu-
tics, agents that can modulate neural
plasticity within the brain reward circuitry
and break the vicious cycle of addiction.
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