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Neurobiology of Disease

Differences between Dorsal and Ventral Striatum in Drd1a
Dopamine Receptor Coupling of Dopamine- and cAMP-
Regulated Phosphoprotein-32 to Activation of Extracellular
Signal-Regulated Kinase

Charles R. Gerfen,' Ronald Paletzki,' and Paul Worley?
'Laboratory of Systems Neuroscience, National Institute of Mental Health, Bethesda, Maryland 20892, and 2Department of Neuroscience, Johns Hopkins
University School of Medicine, Baltimore, Maryland 21205

Dopamine receptor signaling exhibits prominent plasticity that is important for the pathogenesis of both addictive and movement
disorders. Psychoactive stimulants that activate the dopamine D, receptor (Drdla) induce the rapid phosphorylation and activation of
extracellular signal-regulated kinase 1/2 (ERK1/2) in neurons of the nucleus accumbens and ventral striatum. This response is known to
be dependent on the phosphatase inhibitor dopamine- and cAMP-regulated phosphoprotein-32 (DARPP-32) and appears critical for the
sensitization of Drdla responses that contributes to addiction. Loss of dopamine input to the striatum, as in models of Parkinson’s
disease (PD), also results in a sensitization of responses to dopamine agonists that is manifest by increased activation of ERK1/2 in the
dorsal striatum. Here, we test whether DARPP-32 is required for sensitization of Drdla responses in a PD model. In the normal dorsal
striatum, there is minimal Drd1a-mediated activation of ERK1/2; however, in the PD model there is robust Drd1a-mediated activation of
ERK1/2. In both wild-type and DARPP-32 knock-out mice, Drdla robustly induces pERK1/2 throughout the dopamine-depleted stria-
tum. These findings indicate that Drdla sensitization relevant for PD occurs by a novel mechanism that does not require DARPP-32.
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Introduction
Among the functions ascribed to the striatum is the use of
context- and reward-related information to guide learned behav-
ior (Hikosaka et al., 2002; Schultz, 2002). Glutamatergic cortical
inputs to the striatum carry context-dependent information
about ongoing behavior (Ding and Hikosaka, 2006; Seger and
Cincotta, 2006), and dopaminergic nigral inputs provide infor-
mation about rewards (Schultz, 2002). Dopaminergic signals are
thought to modulate corticostriatal synapses onto medium spiny
projection neurons, and this plasticity is, in turn, thought to alter
patterns of activity during learning (Schultz, 2002). Subversion of
these processes is hypothesized to contribute importantly to ad-
diction to psychostimulants (Nestler and Aghajanian, 1997;
Greengard, 2001; Hyman et al., 2006), and movement disorders
in Parkinson disease (PD) (Gerfen et al., 2002).

Activation of extracellular signal-regulated kinase 1/2
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(ERK1/2) is critical for long-term changes in synaptic plasticity at
glutamatergic synapses (Thomas and Huganir, 2004), and has
been implicated in both psychostimulant addiction (Valjent et
al., 2000, 2005) and in dopamine receptor agonist supersensitiv-
ity in PD models (Gerfen et al., 2002). Stimulation of corticos-
triatal glutamatergic inputs activate ERK1/2 in striatal neurons
(Sgambato et al., 1998) through NMDA receptor coupling to
Ca**/calmodulin signaling systems, which activate the MEK
(mitogen-activated protein kinase kinase) responsible for phos-
phorylation of ERK1/2. Psychostimulants have been suggested to
amplify such NMDA-mediated activation of ERK1/2 by activat-
ing the Drdla dopamine receptor (Valjent et al., 2005). In this
model, Drdla receptors coupled to PKA (protein kinase A) reg-
ulate dopamine receptor protein phosphatase inhibitor
[dopamine- and cAMP-regulated phosphoprotein-32 (DARPP-
32)] (Greengard et al., 1999), whose inhibition of protein phos-
phatase 1, amplifies the activation of ERK1/2 (Valjent et al.,
2005). This psychostimulant activation and associated behavioral
effects are blocked by Drd1a antagonists, by NMDA antagonists,
and by deletion of the genes encoding the Drdla receptor or
DARPP-32 (Valjent et al., 2000, 2005). Together, these data sup-
port the model that DARPP-32 functions to integrate coincident
Drdla- and NMDA-receptor-mediated signaling to evoke
plasticity.

Although psychostimulants and Drd1a agonists robustly acti-
vate ERK1/2 in neurons of the nucleus accumbens and ventral
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striatum, they are only weakly effective in the normal dorsal stri-
atum (Valjent et al., 2000). However, after lesions of the dopa-
mine projection in a model of PD, Drdla agonists produce a
robust activation of ERK1/2 throughout the dorsal striatum
(Gerfen et al., 2002). To assess whether this form of plasticity is
also dependent on DARPP-32, we compared responses in wild-
type and DARPP-32 knock-out (KO) mice.

Materials and Methods

Animals and treatments. All animal procedures used in this study were
conducted in accordance with the Guide for the Care and Use of Labora-
tory Animals.

Animals used in this study included mice with a genetic deletion
(knock-out) of the Drd1la dopamine receptor (Drago et al., 1994) or the
protein phosphatase inhibitor DARPP-32 (Fienberg et al., 1998). Both
mice were on a C57BL/6 background and maintained with either ho-
mozygous or heterozygous breeding pairs. Wild-type control animals
were age-matched from the breeding colonies used for the knock-out
mice. For these studies, both male and females were used. The genotype
of each animal was determined from tail clips using PCR with appropri-
ate primer sequences.

Two different experimental paradigms were used, one in which psy-
chostimulant drugs were administered to the animals, and the other in
which Drdla agonists were administered to animals with unilateral le-
sions of the nigrostriatal dopamine system. To produce these lesions,
mice of ~25-35 g in weight were anesthetized with Nembutal and placed
in a stereotaxic frame, and a unilateral lesion was produced by infusing
6-OHDA (8 ugin 1 ul) into the substantia nigra. Animals were returned
to their home cages, and food was supplemented with grapes for 2-3
weeks, during which the mice had unrestricted access to food and water.

Drug treatments used in these studies involved intraperitoneal admin-
istration of one of the following drugs: vehicle (0.9% saline), the psycho-
stimulants D-amphetamine (10 mg/kg) or cocaine (20 or 30 mg/kg), the
Drdla agonist (z)6-chloro-PB (6-chloro-7,8-dihyroxy-1-phenyl-
2,3,4,5-tetrahydro-1 H-3-bezazepine-hydrobromide) (SKF-81297)
(item S-143; Sigma-Aldrich), or 1-3,4-dihydroxyphenylanine methyl es-
ter hydrochloride (.-DOPA) (20 mg/kg; item D1507; Sigma-Aldrich)
with benserazide hydrochloride (12 mg/kg; item 7283; Sigma-Aldrich).

Fifteen minutes after drug treatment, the animals were asphyxiated
with carbon dioxide and perfused transcardially with 4% formaldehyde
in phosphate buffer, pH 7.4. Their brains were removed and processed
for immunohistochemistry.

Histology. After perfusion, the brains were postfixed overnight at 4°C
by immersion in the formaldehyde solution described above. The brains
were then transferred to a 20% sucrose solution (in PBS, pH 7.4) and
were kept at 4°C until they sank. Brains were frozen and sectioned on a
sliding microtome, and a series of 40 wm coronal sections from the
frontal pole through the midbrain were collected and stored at 4°C in
PBS until processed for immunohistochemistry. Selected free-floating
sections were incubated overnight in blocking solution (0.2% Triton
X-100, 2% normal serum in PBS) containing primary antisera for ty-
rosine hydroxylase (TH) (1:250; Pel-Freez Biologicals), DARPP-32 (I:
4000; Millipore Bioscience Research Reagents), or phospho-ERK1/2 (1:
250; Cell Signaling Technology). The primary antibodies were visualized
using the Vectastain ABC elite protocol (Vector Laboratories) and
3,3’-diaminobenzidine.

Microscopic digital imaging was used to analyze immunoreactivity
(IR) in processed brain sections. When postimaging processing was per-
formed, images taken from different animals were processed together to
alter brightness, contrast, and color.

Western blots. Whole frozen brains stored at —70°C were briefly
warmed to —20°C before striatal tissue samples were collected. Protein
extracts were purified by sonication in 10X (v/w) 20 mm Tris-HCI, pH
7.5, containing 2 mm EDTA, 20 mu glycerophosphate, 1 mm Na;VO,, 2
mMm NaF, and 1X Complete protease inhibitor mix (11 873 580 001;
Roche), and then centrifuged at 15,000 X g for 30 min at 4°C. Superna-
tants were stored at —70°C. Protein concentrations were determined in
triplicate using a BCA (bicinchoninic acid) assay kit (Pierce). Samples of
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18 ug of protein were separated by SDS-PAGE using 4-12% gels and
blotted onto 0.45 um pore size polyvinylidene difluoride using the Nu-
PAge Novex (Invitrogen) electrophoresis system following the supplied
protocols. Immunohistochemistry was performed using the phospho-
Erk1/2 (1:1000; 9101; Cell Signaling Technology), DARPP-32 (1:3000;
AB1656; Millipore), or tyrosine hydroxylase (1:4000; P40101; Pel-Freez;
Sigma-Aldrich) primary antibodies in 20 mum Tris-HCL, pH 7.5, contain-
ing 0.9% (w/v) NaCl, 0.1% (v/v) Tween 20, and 5% (w/v) nonfat dry
milk. Antibody binding was detected using anti-rabbit-IgG-HRP sec-
ondary antibody (1:20,000; 7074; Cell Signaling Technology) and visual-
ized by chemiluminescence (Supersignal; Pierce) and autoradiographic
film (Kodak). Films were digitized and analyzed using NIH Image to
determine the size of the band using the area under the plot profile for
each band. If blots were reprobed, they were first stripped using Restore
(Pierce) at 37°C for 30 min, and then checked by incubating with sec-
ondary antibody at 1:10,000 for 1 h and visualized using
chemiluminescence.

Results

Requirement for Drdla receptors and DARPP-32 for
psychostimulant activation of ERK1/2

Wild-type mice and mice with genetic deletions of the Drdla
dopamine receptor or DARPP-32 were treated with the psycho-
stimulants b-amphetamine (10 mg/kg, i.p.) or cocaine (20 mg/
kg, i.p.) and perfused 15 min later. For each treatment group,
eight animals were used. Subsequently, the striatum was analyzed
for neurons immunoreactive for phosphorylated ERK1/2 (phos-
pho-ERK1/2). In wild-type mice, D-amphetamine treatment re-
sulted in numerous neurons immunoreactive for phosphorylated
ERK1/2, which were located in the nucleus accumbens (Fig. 1). In
addition, there were some immunoreactive neurons in the me-
dial region of the dorsal striatum. These neurons were most
abundant adjacent to the ventricle, and their density decreased
rapidly such that in the lateral region only a few scattered neurons
were observed (Fig. 1). Knock-out of either Drdla or
DARPP-32 resulted in a reduction of both the numbers and
intensity of labeling of phospho-ERK1/2 in the nucleus ac-
cumbens compared with treated wild-type mice (Fig. 1). In
both Drdla and DARPP-32 knock-out mice, phospho-
ERK1/2 immunoreactive neurons were present in the medial
dorsal striatum. As in wild-type mice, in both of the knock-out
mice there were very few phospho-ERK1/2-labeled neurons in
the lateral dorsal striatum. Counts of amphetamine-induced
phospho-ERK1/2-immunoreactive neurons in the different
regions of the striatum show no significant difference in the
lateral or medial dorsal striatum between wild-type or Drdla
or DARPP KO animals, whereas in the nucleus accumbens
there is a 66% reduction in Drdl KO and 61% percentage
reduction in DARPP KO mice compared with wild type
(Table 1).

Cocaine (20 or 30 mg/kg) treatment produced phospho-
ERK1/2 responses similar to those produced by p-amphetamine
(10 mg/kg) in terms of the distribution of phospho-ERK1/2-
immunoreactive neurons, although the level of immunoreactiv-
ity was qualitatively lower on a per cell basis with cocaine treat-
ment (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material).

Transgenic mice in which enhanced green fluorescent pro-
tein (EGFP) is expressed under the control of the promoter for
either Drdla or Drd2 genes with bacterial artificial chromo-
some (BAC) constructs (Gong et al., 2003) were used to deter-
mine which striatal neuron types displayed phospho-ERK1/2
immunoreactivity after p-amphetamine treatment (10 mg/
kg). Double labeling using a red fluorochrome to visualize
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Psychostimulant-induced activation of ERK1/2 in Drd1a knock-out and DARPP-32 knock-out mice. Effects of p-amphetamine treatment (10 mg/kg) are compared between wild-type

and Drd1a KO mice and between wild-type and DARPP-32 KO mice, in which DARPP-32-IR in the striatum is absent. Activation of ERK1/2 is indicated in coronal brain sections by neurons displaying
immunoreactive phosphorylated ERK1/2 (phospho-ERK1/2-IR). In the dorsolateral striatum (a) and in the dorsomedial striatum (b), the numbers of scattered neurons with p-amphetamine-induced
immunoreactive phospho-ERK1/2 is similar in the wild-type and Drd1a KO and DARPP-32 KO animals. In the shell of the nucleus accumbens (c), there are numerous b-amphetamine-induced
phospho-ERK1/2-immunoreactive neurons in the wild-type mice, whereas in both the Drd1a KO and DARPP-32 KO mice, the numbers of such neurons is markedly reduced. These data indicate that
psychostimulant activation of ERK1/2 mediated by Drd1a and DARPP-32 is restricted to the nucleus accumbens.

phospho-ERK1/2 immunoreactivity and a green fluorochrome to
visualize EGFP immunoreactivity was used to determine colocaliza-
tion of the markers. The relative numbers of amphetamine-induced
phospho-ERK1/2 immunoreactive neurons in different striatal re-
gions was similar to that described above. In the Drd1a-BAC-EGFP

mice, >90% of striatal neurons displaying phospho-ERK1/2 colo-
calized with neurons expressing EGFP immunoreactivity, in all re-
gions of the striatum (Fig. 2, Table 2). However, in the Drd2-BAC-
EGFP mice, <10% of neurons displaying phospho-ERK1/2
immunoreactivity coexpressed EGFP (Fig. 3, Table 2).
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Table 1. p -Amphetamine activation of ERK1/2 in striatal neurons in wild-type, Drd1a-KO, and DARPP-32-KO mice

Gerfen et al. o Striatal Drd1a-Mediated ERK1/2 Activation

Striatal region Wild type Drd1a Ko pvalue Wild type DARPP32 KO p value
Dorsal lateral 52 6.0 0.268 47 55 0.268"
Dorsal medial 19.7 213 0322 18.7 210 0.294"
Accumbens 55.8 193 0.00171%* 473 185 0.0011%*

Counts of neurons showing phospho-ERK1/2 in different regions of the striatum and nucleus accumbens from animals in treatment groups described in this study. Treatment groups with b -amphetamine (10 mg/kg, i.p.) included wild-type
and Drd1a knock-out and DARPP-32 knock-out animals. Cell counts are the average from six animals per treatment group (n = 6) measured ina 100 um? area in each region. Wilcoxon’s rank sum test shows that there is only a significant

reduction (**p << 0.01) in amphetamine induction of phospho-ERK1/2 neurons in the nucleus accumbens in both Drd1a KO and DARPP-32 KO animals compared with wild type.

*p < 0,01 < NS

Drdla agonist activation of ERK1/2 in
the intact and

dopamine-depleted striatum

Wild-type and DARPP-32 knock-out mice
underwent unilateral 6-OHDA lesions of
the nigrostriatal dopamine system. Three
weeks after the lesion, they were treated
with the full D, receptor agonist SKF-
81297 (5 mg/kg) and perfused 15 min
later. For each treatment group, 8—10 an-
imals were used. The striatum was then
analyzed for neurons immunoreactive for
phosphorylated ERK1/2. Unilateral de-
generation of the nigrostriatal dopamine
pathway was confirmed by the absence of
TH-immunoreactive neurons in the sub-
stantia nigra and in axon terminals in the
striatum (Fig. 4). In the dopamine-intact
striatum (contralateral to the lesion),
phospho-ERK1/2 immunoreactive neu-
rons were evident in the nucleus accum-
bens, but only scattered neurons were
presentin the dorsal striatum. This pattern
of labeling resembles that seen with psy-
chostimulant treatments in the dopamine-
intact striatum in the absence of 6-OHDA
lesions, as described above. In the
dopamine-depleted striatum, phospho-
ERK1/2-immunoreactive neurons were
abundant and spread throughout both the

dorso-lateral
(DL) striatum

dorso-medial
(DM) striatum

nucleus
accumbens

Figure 2.

phospho-ERK 1/2

Amphetamine activation of ERK1/2
in Drd1a-striatal neurons

Drd1a-GFP merge

p-Amphetamine activation of ERK1/2 in Drd1a-expressing striatal neurons. Drd1a-BAC-EGFP transgenic mice were

dorsal striatum and the nucleus accum-
bens. This pattern of Drdla agonist-
induced activation of ERK1/2 was identi-
cal in wild-type and DARPP-32 KO mice.

In a recent study, Santini et al. (2007)
have implicated DARPP-32 activation of
ERK1/2 as critical to the induction of

treated with p-amphetamine (10 mg/kg), and brain sections containing the striatum were processed for colocalization of
phospho-ERK1/2-IR (red fluorochrome) and GFP-IR (green fluorochrome). A 100 wm 2 area of the dorsolateral (DL), dorsomedial
(DM), and nucleus accumbens is shown. The numbers of phospho-ERK1/2-immunoreactive neurons vary from few in the DL to
many in the nucleus accumbens. In each region, nearly all phospho-ERK1/2-immunoreactive neurons colocalize with GFP (yellow
arrows), which is produced in Drd1a striatal neurons. There are some rare phospho-ERK1/2-immunoreactive neurons that are
GFP-IR negative (blue arrows) clearly evident as dark lacunas in the background of GFP fluorescence. These data indicate nearly all
striatal neurons in which ERK1/2 is activated after o-amphetamine treatment express the Drd1a receptor.

L-DOPA-induced dyskinesias. To deter-
mine whether there was a difference between treatment with the
Drdla agonist and L-DOPA, wild-type and DARPP-32 knock-
out mice with unilateral 6-OHDA lesions of the nigrostriatal do-
pamine system were treated with L-DOPA (20 mg/kg L-DOPA
with 12 mg/kg benserazide) for 1 or 10 d. Results with L-DOPA
treatment were identical with those with the Drdla agonist treat-
ment. In both wild-type and DARPP-32 knock-out animals,
there was robust labeling of phospho-ERK1/2 immunoreactive
neurons throughout the dopamine-depleted striatum (Fig. 4).
Cell counts showed no significant difference between the num-
bers of phospho-ERK-immunoreactive neurons in the
dopamine-depleted striatum between wild-type and DARPP-32
knock-out mice treated with either the Drdla-agonist or
L-DOPA (Tables 3, 4).

The study by Santini et al. (2007) used Western immunoblot

analysis to determine the relative L-DOPA-induced activation of
ERK1/2. We analyzed wild-type (N = 3) and DARPP-32 knock-
out (N = 3) mice with unilateral 6-ODHA lesions of the nigro-
striatal dopamine pathway treated for 10 d with L-DOPA (20
mg/kg L-DOPA with 12 mg/kg benserazide) by Western immu-
noblot. This analysis showed a robust activation of pERK2 in the
DA-lesioned striatum in both wild-type and DARPP-32 knock-
out animals (Fig. 5). These immunoblot data are consistent with
the immunohistochemical data described above.

To further examine the role of the Drdla dopamine receptor
in activation of ERK1/2, Drdla knock-out mice with unilateral
lesions of the nigrostriatal dopamine system were treated with
either the Drdla agonist (SKF-81297; 5 mg/kg) or with L-DOPA
(20 mg/kg with 12 mg/kg benserazide). Treatment with the
Drdla agonist produced no labeling of phospho-ERK1/2-
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Table 2. o -Amphetamine activation of ERK1/2 in Drd1a- and Drd2-expressing striatal neurons

pERK-immunoreactive/ pERK-immunoreactive/

pERK-immunoreactive/ pERK-immunoreactive/

Striatal region Drd1a-GFP™ Drd1a-GFP~ Drd1a-GFP™ (%) Drd1a-GFP™ Drd1a-GFP— Drd2-GFP™ (%)
Dorsal lateral 45 0.25 95 0.25 7.25 33
Dorsal medial 12.5 1 93 1.0 15.75 6.0
Accumbens 35.2 3.25 92 7 63.75 9.6

Counts of phospho-ERK1/2-immunoreactive (pERK-immunoreactive) striatal neurons in different regions after o -amphetamine (10 mg/kg) in Drd1a-GFP and Drd2-GFP transgenic mice. Cell counts are the average numbers of pERK1/2-
immunoreactive cells that colocalize with GFP-IR in a 100 um*area in each region. For each region, the percentage of pERK-immunoreactive cells is calculated by summing pERK-immunoreactive-positive cells, which are either GFP positive
(GFP™) or GFP negative (GFP ). Although the average number of pERK-immunoreactive cells varies from few in the dorsolateral striatum to many in the nucleus accumbens, >90% colocalize with GFP in Drd1a-GFP mice, whereas <<10%
colocalize with GFP in Drd2-GFP mice. These data indicate that >90% of striatal neurons in which ERK1/2 is activated after o -amphetamine treatment express the Drd1a receptor.

Absence of amphetamine activation of ERK1/2
in Drd2-striatal neurons

Drd2-GFP

phospho-ERK 1/2

dorso-lateral
(DL) striatum

dorso-medial
(DM) striatum

nucleus
accumbens

Figure 3.

ment express the Drd2 receptor.

immunoreactive neurons in either the dopamine-intact or
dopamine-depleted striatum (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). This confirms that
Drdla agonist activation of ERK1/2 in the dopamine-depleted
striatum is dependent on the Drdla dopamine receptor. Treat-
ment with L-DOPA resulted in no phospho-ERK1/2-
immunoreactive neurons in the dopamine-intact striatum
and labeling of only scattered large neurons in the dopamine-
depleted striatum (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). The phospho-ERK1/2-
immunoreactive neurons colocalized ChAT (choline acetyl
transferase) immunoreactivity (data not shown), indicating that
these neurons are striatal cholinergic interneurons. These neu-
rons express both the D, and D5 dopamine receptors, which are
likely responsible for their activation by L-DOPA treatment in the
Drdla KO mice.

p-Amphetamine activates ERK1/2 in few Drd2-expressing striatal neurons. Drd2-BAC-EGFP transgenic mice were
treated with -amphetamine (10 mg/kg), and brain sections containing the striatum were processed for colocalization of phospho-
ERK1/2-IR (red fluorochrome) and GFP-IR (green fluorochrome). A 100 um 2 area of the dorsolateral (DL), dorsomedial (DM), and
nucleus accumbens is shown. The numbers of phospho-ERK1/2-immunoreactive neurons vary from few in the DL to many in the
nucleus accumbens. In each region, nearly all phospho-ERK1/2-immunoreactive neurons do not express GFP, which is produced in
Drd2-striatal neurons. These data indicate that very few striatal neurons in which ERK1/2 is activated after p-amphetamine treat-

Discussion

The present study indicates that
DARPP-32 is not required for a specific
form of dopamine supersensitivity that is
relevant for Parkinson’s disease. Signal-
ing events that couple dopamine Drdla
activity to increases in phosphorylated
ERK1/2 in neurons of the dorsal striatum
undergo striking adaptations in response
to loss of dopamine projections from the
substantia nigra. In the normal dorsal
striatum, selective D, agonists or cocaine
result in modest increases in pERK1/2
that are restricted to a small subset of
neurons. After denervation, D, agonists
evoke marked increases of pERK1/2 in a
large population of neurons in the dorsal
striatum. Whereas DARPP-32 is re-
quired for D, agonist-induced increases
of pERK1/2 in the ventral striatum and
nucleus accumbens, the marked increase
in pERK1/2 in the dorsal striatum conse-
quent to loss of dopamine projections is
identical in wid-type and DARPP-32 KO
mice. This finding indicates that the ad-
aptations that underlie denervation-
induced Drdla supersensitivity in the
dorsal striatum do not require
DARPP-32.

Several lines of evidence support the
notion that Drdla signaling that acti-
vates pERK1/2 is fundamentally differ-
ent in the major populations of Drdla
neurons in the ventral versus the dorsal
striatum. In both Drdla knock-out and
DARPP-32 knock-out mice, the acute ef-
fects of cocaine and amphetamine to in-
duce pERK1/2 are significantly reduced in the nucleus accum-
bens (Valjent et al., 2005; this study). However, psychostimulant
effects on induction of pERK1/2 are very modest in the dorsal
striatum, and this pERK1/2 response persists in Drd1a knock-out
and DARPP-32 knock-out animals. Moreover, even in the ven-
tral striatum, there is a small population of neurons that show
Drdla-induced pERK1/2 in Drdla or DARPP-32 KO mice. Ac-
cordingly, psychostimulant activation of ERK1/2 in the dorsolat-
eral and dorsomedial striatum, as well as some of the activation in
the nucleus accumbens, appears not to require Drdla receptors
or DARPP-32. As with psychostimulants, either selective Drdla
agonist treatment or direct stimulation of the nigrostriatal dopa-
mine pathway induces pERK1/2 in the nucleus accumbens, but
does not produce activation in the dorsal striatum (Gerfen et al.,
2002). In these same studies, either Drd1a agonists or stimulation

merge
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Drd1a-agonist or .-DOPA activation of ERK1/2 in the dopamine (DA)-depleted striatum does not involve DARPP-32. Comparison of coronal brain sections at the level of the rostral

striatum from wild-type and DARPP-32 KO mice, with unilateral lesions of the nigrostriatal dopamine system and treated with a Drd1a agonist (SKF-81297; 5 mg/kg; 1d) or.-DOPA (20 mg/kg with
12 mg/kg benserazide; 10 d). DARPP-32-IR labels neurons in the striatum in wild-type mice, which are unlabeled in DARPP-32 KO mice. Unilateral lesion of the nigrostriatal dopamine pathway in
these animals is shown by the absence of TH-IR in the axonal terminals in the right striatum. Activation of ERK1/2 in response to either DrdTa agonist treatment (left images) or L-DOPA treatment
(rightimages) is demonstrated by phospho-ERK1/2-IR throughout the dopamine-depleted striatum. High-power images from the dorsolateral striatum (inset boxes; 100 m wide) show few to
no phospho-ERK1/2-immunoreactive neurons in the DA-intact striatum. In contrast, there are numerous phospho-ERK1/2-immunoreactive neurons in the DA-depleted striatum in both the

wild-type and DARPP-32 KO animals.

of the nigrostriatal dopamine system resulted in robust induction
of immediate early genes in Drdla neurons throughout the ven-
tral and dorsal striatum, confirming that neurons of the dorsal
striatum are being stimulated.

Drdla signaling in the denervated dorsal striatum appears to
be mechanistically most similar to that seen in the small popula-
tion of Drdla neurons of the normal dorsal striatum that show
Drdla-induced increases in pERK1/2. This is inferred from the
observations that Drd1a—pERK1/2 signaling in both populations
of neurons is independent of DARPP-32. Importantly, this ob-
servation excludes the alternative possibility that the mechanism
that transduces Drd1a signals to pERK1/2 in the lesioned dorsal
striatum is the same as that used in the ventral striatum of normal
animals. The molecular pathways that mediate this DARPP-32-

independent response in both the intact and denervated dorsal
striatum remain to be identified.

Activation of ERK1/2 has been implicated in plasticity in a
variety of brain regions, including the cerebral cortex, amygdala,
spinal cord, and nucleus accumbens, and contributes to several
forms of learning and memory (Thomas and Huganir, 2004).
What is common in these diverse regions is the dependence of
activation of ERK1/2 on NMDA glutamatergic excitatory synap-
tic inputs. The normal function of dopamine in this process is to
integrate convergent excitatory inputs, by regulating activation of
ERK1/2 through a DARPP-32-mediated mechanism. Several fea-
tures of Drdla-mediated activation of ERK1/2 in the dopamine-
depleted striatum are unique, including its independence of
NMDA receptor function (Gerfen et al., 2002) and independence
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Table 3. Drd1a-agonist activation of ERK1/2 in striatal neurons in wild-type and DARPP-32 KO mice

Comparison of wild-type and KO

Wild type DARPP-32 KO DA-depleted striatum
Striatal region DA-intact DA-depleted DA-intact DA-depleted pvalue
Dorsal lateral 35 46.5 42 50.5 0.220%
Dorsal medial 13.5 49.2 10.0 56.2 0.078"
Accumbens 24.7 50.8 203 49.2 0.409"

Treatment groups receiving Drd1a agonist (SKF-81297; 5 mg/kg) had unilateral 6-OHDA lesions of the nigrostriatal dopamine pathway. Phospho-ERK1/2-immunoreactive neurons were counted in the DA-intact and DA-depleted striatum
in wild-type and DARPP-32 knock-out animals. Cell counts are the average from six animals per treatment group (n = 5) measured ina 100 um? area in each region. Wilcoxon’s rank sum test was performed to compare the DA-depleted
striatum from the wild-type and DARPP-32 KO animals. There was no significant difference (NS, p > 0.01) between wild-type and DARPP-32 KO animals in the numbers of neurons displaying Drd1a agonist-activated ERK1/2 in the
DA-depleted striatum.

#4p < 0.01 < NS,

Table 4. 1-DOPA activation of ERK1/2 in striatal neurons in wild-type and DARPP-32 KO mice

Comparison of wild-type and KO

Wild type DARPP-32 KO DA-depleted striatum
Striatal region DA-intact DA-depleted DA-intact DA-depleted p value
Dorsal lateral 6.6 514 3 58.2 0.183%
Dorsal medial 16.8 438 74 50.8 0.111"
Accumbens 278 396 200 46.0 021"

Treatment groups receiving L -DOPA (20 mg/kg plus 12 mg/kg benserazide for 10 d) had unilateral 6-OHDA lesions of the nigrostriatal dopamine pathway. Phospho-ERK1/2-immunoreactive neurons were counted in the DA-intact and
DA-depleted striatum in wild-type and DARPP-32 knock-out animals. Cell counts are the average from five animals per treatment group (n = 5) measured in a 100 wm? area in each region. Wilcoxon’s rank sum test was performed to
compare the DA-depleted striatum from the wild-type and DARPP-32 KO animals. There was no significant difference (NS, p > 0.01) between wild-type and DARPP-32 KO animals in the numbers of neurons displaying

1-DOPA-activated ERK1/2 in the DA-depleted striatum.
**p < 0.01 <NS.
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Figure 5.  1-DOPA activation of ERK2 in the dopamine-depleted striatum is not significantly re-
duced in DARPP-32 knock-out mice. Western immunoblot data from wild-type (n = 7) and
DARPP-32 knock-out (n = 5) animals with unilateral 6-OHDA lesions of the nigrostriatal dopamine
pathway treated for 10 d with .-DOPA (20 mg/kg with 12 mg/kg benserazide). Animals were killed 30
min after the last injection and the dissected striatum were processed by Western blotting to deter-
mine levels ofimmunoreactivity for DARPP-32, TH, and phosphorylated ERK2 (pERK2). There is robust
activation of pERK2 in the dopamine-depleted compared with the intact striatum of both wild-type
and DARPP32 KO animals (*p << 0.05). However, there is no significant difference in the activation of
PERK2 in the dopamine-lesioned striatum comparing wild-type and DARPP-32 KO animals (percent-
age above intact control: wild type, 406%; KO, 371%; p > 0.05).

of DARPP-32 (this study). The absence of NMDA and
DARPP-32 regulatory controls underscores the unique features
of signaling in dorsal striatal neurons and anticipates novel forms
of synaptic plasticity.

Adaptations of Drd1a signaling are likely to contribute to the
pathogenesis of PD. Neurons that express Drdla in the dorsal
striatum are part of the “direct pathway” that projects to the
substantia nigra pars reticula and are important for voluntary
motor responses. Loss of dopamine input alters the function of
direct-pathway neurons, and this is linked to changes in motor
behavior observed in PD. Because these neurons normally func-
tion to disinhibit (activate) motor circuits, their enhanced
Drdla—pERK1/2 signaling may represent a homeostatic adapta-
tion to increase this drive, and as such may be linked to increased
locomotor activity in response to D, agonists. We previously pro-
posed that these adaptations contribute to altered motor behav-
iors, including dyskinesias or “on—off syndrome,” in PD patients
who have been chronically treated with dopamimetic agonists
(Gerfen et al., 2002). Consistent with this proposal, two recent
studies (Santini et al., 2007; Westin et al., 2007) have demon-
strated the involvement of activation of ERK1/2 in the develop-
ment of L-DOPA-induced dyskinesia in rodent models of PD.
The study by Santini et al. (2007) also proposed that DARPP-32 is
critical in mediating L-DOPA activation of ERK1/2 because there
is a significant reduction in ERK1/2 activation in DARPP-32 KO
mice compared with wild type as determined with Western blot
analysis. In the current study, using the same L-DOPA treatment
paradigm, we report that there is no significant difference be-
tween wild-type and DARPP-32 KO mice in the numbers of stri-
atal neurons displaying phospho-ERK1/2 immunoreactivity nor
in the level of phospho-ERK2 analyzed with Western blots in the
dopamine-depleted striatum. Given our finding of robust
L-DOPA-induced activation of ERK1/2 in the majority of Drd1a-
striatal neurons in DARPP-32 KO mice, we conclude that
DARPP-32 is not critical to such activation. However, given the
demonstrated critical role that DARPP-32 has in mediating a
wide variety of signal transduction mechanismes, it is possible that
DARPP-32 may be involved in mechanisms underlying altered
synaptic plasticity responsible for L-DOPA-induced dyskinesias.

In summary, two major conclusions may be drawn from the
present study. First, the mechanism involving DARPP-32 regu-
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lation of Drdla-mediated activation of ERK1/2 is regionally re-
stricted within the striatum to the nucleus accumbens, a part of
the ventral striatum. Second, the Drdla-mediated activation of
ERK1/2 in the dopamine-depleted dorsal striatum does not in-
volve an “amplification” of the DARPP-32-mediated regulation
of Drd1 signaling that occurs in the nucleus accumbens. Rather, it
represents a novel signaling pathway that is most similar to Drd1a
signaling seen in a small population of dorsal striatal neurons in
intact animals that it is independent of DARPP-32. Together,
these results demonstrate the existence of regionally distinct cel-
lular and molecular mechanisms within the striatum that medi-
ate Drd1 signaling.
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