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Abstract
Dysregulation of dopamine (DA) receptors is believed to underlie Parkinson’s disease pathology and
L-DOPA-induced motor complications. DA receptors are subject to regulation by G protein-coupled
receptor kinases (GRKs) and arrestins. DA lesion with 6-hydroxydopamine caused multiple protein-
and brain region-specific changes in the expression of GRKs. In the globus pallidus, all four GRK
isoforms (GRK2, 3, 5, 6) were reduced in the lesioned hemisphere. In the caudal caudate-putamen
(cCPu) three GRK isoforms (GRK2, 3, 6) were decreased by DA depletion. The decrease in GRK
proteins in globus pallidus, but not cCPu, was mirrored by reduction in mRNA. GRK3 protein was
reduced in the rostral caudate-putamen (rCPu), whereas other isoforms were either unchanged or up-
regulated. GRK6 protein and mRNA were up-regulated in rCPu and nucleus accumbens. L-DOPA
(25 mg/kg, twice daily for 10 days) failed to reverse changes caused by DA depletion, whereas D2/
D3 agonist pergolide (0.25 mg/kg daily for 10 days) restored normal levels of expression of GRK5
and 6. In rCPu, GRK2 protein was increased in most subcellular fractions by L-DOPA but not by
DA depletion alone. Similarly, L-DOPA up-regulated arrestin3 in membrane fractions in both
regions. GRK5 was down-regulated by L-DOPA in cCPu in the light membrane fraction, where this
isoform is the most abundant. The data suggest that alterations in the expression and subcellular
distribution of arrestins and GRKs contribute to pathophysiology of Parkinson’s disease. Thus, these
proteins may be targets for antiparkinsonian therapy.
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Parkinson’s disease (PD) is a neurodegenerative disorder caused by degeneration of
dopaminergic neurons that provide dopamine (DA) to the striatum. DA replacement therapy
with L-DOPA, although still the best treatment available, often results in motor complications
such as dyskinesia (Cotzias et al. 1969; Stocchi et al. 1997). Loss of DA in the basal ganglia
alters signaling via DA receptors in a complex manner. In particular, numerous signaling
pathways in the DA-depleted basal ganglia show exaggerated responses to dopaminergic
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stimulation (Gerfen 2000; Gerfen et al. 2002; Brown et al. 2005; Sgambato-Faure et al.
2005; Bychkov et al. 2007). Chronic treatment with L-DOPA suppresses supersensitivity of
the MAPK pathway (Bezard et al. 2005; Brown et al. 2005; Bychkov et al. 2006; Kim et al.
2006), while augmenting supersensitivity of others (Sgambato-Faure et al. 2005; Bychkov et
al. 2006). The molecular mechanisms of signaling alterations caused by DA depletion remain
largely unknown, and even the extent of these changes is not yet fully appreciated. Abnormal
signaling via DA receptors in the basal ganglia caused by DA depletion and subsequent
dopaminergic therapy undoubtedly play an important role in the pathophysiology of motor
disturbances in PD and L-DOPA-induced dyskinesia. Therefore, the studies of signaling
pathways in the DA-depleted striatum may prove critical for the understanding of the pathology
of PD and dyskinesia and for the success of the antiparkinsonian and/or antidyskinetic therapy.

Dopamine receptors belong to the superfamily of G protein-coupled receptors (GPCRs). Upon
persistent stimulation, many GPCRs undergo desensitization because of activation-dependent
receptor phosphorylation by G protein-coupled receptor kinases (GRKs) followed by arrestin
binding. The arrestin binding ‘arrests’ signaling via G proteins and induces receptor
internalization (Gurevich and Gurevich 2006; DeWire et al. 2007). GPCR signaling is heavily
dependent on the rate and extent of the desensitization process. In cultured cells and in vivo,
an increase in arrestin and/or GRK concentration facilitates GPCR desensitization, whereas
the reduction of arrestin/GRK levels leads to deficits in GPCR desensitization and
internalization and to exaggerated G protein-mediated signaling via affected receptors (Menard
et al. 1997; Xu et al. 1997; Iaccarino et al. 1998b; Bohn et al. 1999; Gainetdinov et al. 1999;
Willets et al. 1999, 2004; Kim et al. 2001; Bohn et al. 2003; Gainetdinov et al. 2003; Pan et
al. 2003). Arrestins, in addition to their role in quenching G protein-mediated signaling, also
act as multifunctional adaptors redirecting the GPCR signaling to multiple alternative pathways
(Shenoy and Lefkowitz 2003; Gurevich and Gurevich 2006; DeWire et al. 2007). The up-
regulation of arrestins reduces G protein-mediated signaling while enhancing arrestin-
dependent extracellular signal–regulated kinase (ERK) activation (Ahn et al. 2003, 2004a).
Arrestins bind and redistribute signaling molecules among subcellular compartments (Ahn et
al. 2004b; Song et al. 2006; Wang et al. 2006; Hanson et al. 2007) affecting not only the
intensity but also the direction and timing of the signaling. Therefore, changes in concentrations
of arrestins and GRKs and their subcellular localization may contribute to perturbations in
dopaminergic signaling caused by loss of DA alone or in combination with L-DOPA therapy.

Two out of four arrestins, arrestin2 and arrestin3, and five out of seven GRKs, GRK2, 3, 4, 5,
and 6, are expressed in the brain (Arriza et al. 1992; Gurevich et al. 2002, 2004; Bezard et
al. 2005; Bychkov et al. 2006) and appear to interact with multiple GPCRs. Studies with
genetically engineered mice and in living cells suggest that in vivo receptors may be
preferentially phosphorylated by specific GRKs and differentially interact with arrestin
isoforms (Koch et al. 1995; Rockman et al. 1996; Iaccarino et al. 1998b,a; Gainetdinov et
al. 1999; Oakley et al. 2000; Kohout et al. 2001). In neostriatal neurons, DA D1 receptor
interacts mostly with arrestin3 (Macey et al. 2005), whereas D2 receptor prefers arrestin2
(Macey et al. 2004). Recent studies indicate that phosphorylation of GPCRs by different GRKs
have distinct functional consequences for both G protein-mediated and G protein-independent
signaling (Kim et al. 2005; Ren et al. 2005). Arrestin isoforms differentially bind, activate, or
move signaling proteins (McDonald et al. 2000; Scott et al. 2002; Wang et al. 2003; Witherow
et al. 2004; Song et al. 2006). Thus, GPCR signaling is regulated in a complex manner by
cellular complement of arrestin and GRKs isoforms.

The expression of arrestins and GRKs can be regulated in vitro and in vivo by persistent
stimulation, blockade, or lack of stimulation of specific GPCRs (Iaccarino et al. 1998a; Ozaita
et al. 1998; Hurle 2001; Diaz et al. 2002; Fan et al. 2002; Bezard et al. 2005; Iaccarino et al.
2005; Rubino et al. 2006; Salim et al. 2007). Here we tested the hypothesis that loss of DA in
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PD and/or excessive stimulation of DA receptors during L-DOPA therapy induce specific
changes in the level of expression of arrestin or GRK subtypes. Importantly, as arrestins and
GRKs interact with multiple GPCRs, changes in their expression caused by DA depletion
would affect signaling via many receptors. We have previously described the up-regulation of
arrestins and GRKs in the MPTP-treated monkeys reversed by chronic L-DOPA treatment
(Bezard et al. 2005). Here we report that depletion of DA by the 6-hydroxydopamine lesion
of dopaminergic neurons causes multiple region- and subcellular compartment-specific
changes in the concentrations of arrestins and GRKs in the rat basal ganglia. Chronic treatment
with L-DOPA failed to restore normal arrestin and/or GRK levels but in some cases caused
additional alterations. In contrast, treatment with the long-lived DA agonist pergolide, which
has lower propensity to elicit dyskinesia in humans and sensitization in animals (Foley et al.
2004; Stocchi and Olanow 2004; Stocchi et al. 2005), tended to normalize the expression of
these regulatory proteins.

Materials and methods
Animals, surgery, and drug treatment

Adult Sprague–Dawley rats (Charles Rivers, Wilmington, MA, USA) were used for these
experiments. The animals were housed at the Vanderbilt University’s animal facility with 12/12
light/dark cycle and had free access to food and water. All procedures followed National
Institutes of Health guidelines and were approved by the Institutional Animal Care and Use
Committee. Rats were deeply anesthetized with pentobarbital (50 mg/kg i.p.) and mounted on
stereotaxis. Rats were treated with desipramine (25 mg/kg i.p.) 30 min prior to infusion of 6-
hydroxydopamine (6-OHDA). 6-OHDA (8 μg in 4 μL of 0.05% ascorbic acid) was infused
unilaterally into the medial forebrain bundle at coordinates A = −4.3 mm, L = 1.2 mm, H =
−8.5 mm. After 3 weeks the animals were tested for rotational response to apomorphine (0.05
mg/kg s.c.) in a plexiglass cylinder 30 cm in diameter for 1 h using an automated rotometer
(AccuScan Instruments, Columbus, OH, USA). Both ipsilateral and contralateral 360° turns
were recorded, and only rats with a net rotational asymmetry (contralateral minus ipsilateral
turns) of six turns per minute, which corresponds to more than 90% loss of DA, were used.
The animals were randomly assigned to one of the three experimental groups: saline, L-DOPA
(25 mg/kg i.p. twice daily), and pergolide (0.25 mg/kg, i.p. daily). The drug treatment continued
for 10 days. The rats were tested for rotations for 1 h every day after the morning injections
starting 15 min after the drug injection.

Tissue preparation
Upon completion of the drug administration schedule, the rats were decapitated under
pentobarbital anesthesia, brain were collected and rapidly frozen on dry ice. The brain areas
of interest, rostral caudate-putamen [rCPu; collected at the level of the island of Calleja magna,
plates 13–15 in Paxinos and Watson (1998)], caudal caudatoputamen [cCPu; at the level of the
globus pallidus (GP), plates 21–23], nucleus accumbens (Acb; includes both shell and core;
plates 13–15), GP (plates 21–23), and prefrontal cortex (PFC; plates 8–10; includes prelimbic
and infralimbic cortices), were outlined precisely on the precut 100 μm-thick coronal sections,
and the tissue was scraped into 200 μL of lysis solution (Ambion, Austin, TX, USA). The lysis
solution effectively lyses the tissue while inhibiting all enzymatic activity. It is suitable for the
RNAse protection assay (RPA), which can be performed on the same samples used for western
blots. Protein concentration in the samples was measured with Bradford reagent (Bio-Rad,
Hercules, CA, USA). Samples were stored at −80°C until needed.

Subcellular fractionation
Subcellular fractions were prepared essentially as described (Dunah and Standaert 2001).
Briefly, approximately 25 mg of fresh rostral or caudal striatum tissue (pooled from two rats,
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the intact and lesioned hemispheres separately) was homogenized in 10 volume of ice-cold
HEPES-buffered sucrose (0.32 mol/L sucrose, 4 mmol/L HEPES pH 7.4, 1 mmol/L EGTA)
containing protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA) in glass-teflon
homogenizer. Homogenate was centrifuged at 1000 g for 10 min at 4°C to remove nuclei and
large debris. Supernatant 1 was centrifuged at 10 000 g for 15 min to obtain crude synaptosomal
fraction and supernatant 2. The synaptosomal pellet was lysed by hypo-osmotic shock in nine
volume of ice cold HEPES-buffer with protease inhibitor cocktail for 30 min. The lysate was
centrifuged at 25 000 g for 20 min at 4°C to obtain synaptosomal membrane fraction (LP1)
and crude synaptic vesicle fraction (LS1). Supernatant 2 was centrifuged at 165 000 g for 2 h
to obtain cytosolic fraction (S3) and light membrane fraction (P3). Protein concentration in the
samples was measured with Bradford reagent (Bio-Rad). Samples were then precipitated with
90% (v/v) methanol. The protein was pelleted by centrifugation (10 000 g, 10 min at 22°C),
washed with 1 mL of 90% methanol, dried, and dissolved in sodium dodecyl sulfate sample
buffer at the final concentration of 0.25 μg/μL.

Quantitative western blotting
To prepare samples for western blotting, proteins were precipitated from Lysis buffer with
90% (v/v) methanol. The proteins were then pelleted by centrifugation (10 000 g, 10 min at
22°C), washed with 1 mL of 90% methanol, dried, and dissolved in sodium dodecyl sulfate
sample buffer at the final concentration of 0.25 μg/μL. Electrophoresis and transfer onto
Immobilon-P (Millipore, Bedford, MA, USA) membrane were performed essentially as
described in Bezard et al.(2005) using Criterion cells (Bio-Rad) with 26 wells per gel. This
allowed us to run more samples on the same blot. Equal amounts of protein from each animal
were loaded on the gel (0.625–5 μg). Membranes were blocked with 5% non-fat dry milk
(Carnation brand; Nestle, Solon, OH, USA) in Tris-buffered saline containing 0.1% Tween-20
for 60 min at 37°C. The membranes were then washed with Tris-buffered saline with 0.1%
Tween buffer, and proteins were detected with appropriate antibodies.

Arrestins were detected with arrestin2- (Mundell et al. 1999) (1 : 9000) or arrestin3-specific
(Orsini and Benovic 1998) (1 : 900) affinity-purified rabbit polyclonal antibodies. We used
rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) to quantify
GRK2 (1 : 500), GRK3 (1 : 300), GRK5 (1 : 500), and GRK6 (1 : 300). To estimate the degree
of DA denervation, we measured tyrosine hydroxylase (TH) concentration in the basal ganglia
subdivisions and PFC using rabbit polyclonal antibody (Chemicon, Temecula, CA, USA) at
1 : 10 000. To test for the purity of subcellular fractions, we measured synaptophysin (mouse
monoclonal 1 : 400; Sigma-Aldrich), SNAP-25 (mouse monoclonal 1 : 500; Chemicon), and
PSD-95 (mouse monoclonal 1 : 250; BD Biosciences, San Jose, CA, USA). Blots were
incubated overnight at 4°C with appropriate primary antibodies followed by horseradish
peroxidase-conjugated goat anti-rabbit or rabbit anti-mouse secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) at 1 : 25 000 to 1 : 10 000 dilution (1
h at 22°C) and SuperSignal enhanced chemiluminescence reagent WestPico (Pierce, Rockford,
IL, USA). Upon development, the blots were exposed to X-ray film for appropriate periods of
time.

For arrestins, dilutions of standards containing 1 : 1 mix of Escherichia coli-expressed purified
bovine arrestin2 and arrestin3 (Gurevich et al. 2002) in sample buffer were loaded onto each
gel along with samples. For quantification of GRKs, we used bovine GRK2 and GRK3 (Kim
et al. 1993) and human GRK5 (Kunapuli et al. 1994) and GRK6 (Loudon and Benovic
1994), purified as described in the given references. Appropriate dilutions of GRK proteins
were loaded onto each gel alongside the samples to generate calibration curves.
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RNAse protection assay
The probes for the RPA were labeled with [32P]UTP in a standard in vitro transcription reaction.
All four GRKs were analyzed in the same hybridization reaction. The probe for GRK2 was
183 bp in length (nucleotides 2094–2276, accession # NM_012776), for GRK3 – 225 bp
(nucleotides 921–1146, accession # NM_012897), for GRK5 – 258 bp (1775–2033; accession
# NM_030829), and for GRK6 – 277 bp (1708–1431; accession # NM_031657). RPA was
performed essentially as described (Gurevich et al. 2002, 2004) using Direct Protect Kit
(Ambion). Calibration curves were constructed using unlabeled full-length sense mRNA
(0.625–20 pg/reaction) for arrestins and GRKs synthesized in vitro with full size cDNAs as
templates. A series of calibration samples was included in each experiment and run alongside
experimental samples on each gel.

Data analysis
For western blots and RPA autoradiograms, the gray values of the bands were measured on X-
ray film using Versadoc imaging system (Bio-Rad). Calibration curves were fitted to linear
equations using Prism 4.0 (GraphPad Software, San Diego, CA, USA) to ensure that all the
samples were in the linear range. For the statistical analysis StatView software (SAS Institute,
Cary, NC, USA) was used. The western blot data were analyzed separately for each group
(saline, L-DOPA, pergolide) by repeated measure ANOVA with Hemisphere (intact vs.
lesioned) as repeated measure factor. To compare the groups, the values for the lesioned
hemisphere expressed as percent from the intact hemisphere were analyzed by one-way
ANOVA with Group as main factor followed by Bonferroni/Dunn post hoc test with correction
for multiple comparison. The value of p < 0.05 was considered significant.

Results
The lesion of the medial forebrain bundle brought about a very extensive loss of dopaminergic
cells in the substantia nigra (Fig. 1a) and dopaminergic fibers in the striatum. Quantitative
western blotting for TH revealed an almost complete loss in rCPu and cCPu (< 5% of the values
in the intact hemisphere) (Fig. 1b). The TH depletion was somewhat less extensive in GP and
minimal in PFC (Fig. 1b). We have tested all animals for rotational behavior following each
drug injection. In agreement with previous reports (Bordet et al. 1997;Sgambato-Faure et al.
2005;Bychkov et al. 2007), chronic treatment with L-DOPA induced progressive increase in
the rotation frequency indicative of the development of behavioral sensitization (Fig. 1c). Rats
treated with pergolide showed a significantly slower increase in the rotation frequency during
the entire treatment period (Fig. 1c).

We demonstrated previously that the antibodies to arrestins (Gurevich et al. 2002, 2004)
selectively label respective arrestin subtypes in the rat brain. Arrestin2 is the major arrestin
subtype in the rat brain, with more than 10-fold excess over arrestin3 in the protein
concentration in various subdivision of the basal ganglia (Gurevich et al. 2002, 2004).
Antibodies to GRKs selectively labeled respective rat GRK subtypes (Fig. 2a), similarly to
what we have reported previously for the monkey and human brain (Bezard et al. 2005;
Bychkov et al. 2006). The expression levels of various GRK subtypes differed significantly
among brain regions. GRK2 was the most abundant in PFC, whereas in the striatal regions
GRK6 was the most abundant at the protein level followed by GRK2 (Fig. 2b). GRK3, a
member of the GRK2 subfamily, is expressed at the level 4–10-fold lower than that of GRK2
and was the least abundant GRK subtype in all brain regions (Fig. 2b). GRK5, a member of
the same GRK4 subfamily as GRK6, was expressed at a lower level than GRK6, but the
difference was less substantial than that between GRK2 and GRK3. Interestingly, the
concentration of the GRK2 mRNA was several fold higher than that of any other GRK in all
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brain regions, whereas the levels of GRK6 mRNA was quite low (Fig. 2c and d). These data
suggest rapid turnover of GRK2 and much higher stability of GRK6.

DA depletion and dopaminergic treatment alter the expression of GRK subtypes
Effects of DA depletion on the expression of GRKs—Neither 6-OHDA lesion nor
subsequent treatment with L-DOPA or pergolide affected the expression of arrestins in the rat
basal ganglia or PFC (data not shown). In contrast, GRK subtypes exhibited multiple region-
and protein-specific changes in their expression following DA depletion and treatment with
dopaminergic drugs. No significant changes in the concentrations of proteins or mRNAs
following DA depletion were seen in PFC (Fig. 3a and b). In Acb, no significant changes were
seen in GRK2, 3, or 5 following DA depletion, whereas the level of GRK6 was significantly
increased in the lesioned as compared to the intact hemisphere (Fig. 3c). The increase in the
GRK6 protein concentration in the lesioned hemisphere was mirrored by a similar increase in
the concentration of GRK6 mRNA (Fig. 3d). Similarly, in rCPu, GRK6 was the only subtype
up-regulated by the lesion (Fig. 3e). The concentration of GRK2 and GRK5 mRNAs were also
elevated by DA depletion in Acb (Fig. 3d), although no corresponding increase was detected
at the protein level (Fig. 3c). There was a small but significant decrease in the concentration
of GRK3 protein, but not mRNA, in the lesioned rCPu (Fig. 3e and f), but not in Acb or PFC.
In contrast to the rostral basal ganglia, in cCPu three out of four GRK subtypes (GRK2, 3, and
6) were decreased in the lesioned hemisphere (Fig. 4a). In GP, all four GRKs were down-
regulated by DA depletion (Fig. 4c). In cCPu, down-regulation of GRK proteins was not
accompanied by corresponding decrease in the concentration of their mRNAs (Fig. 4b),
whereas in GP all mRNAs except GRK3 were reduced in the lesioned hemisphere (Fig. 4d).

Effects of chronic treatment with dopaminergic drugs on the expression of
GRKs—We have compared the effects of L-DOPA and the long-lived DA agonist pergolide
on the expression of arrestins and GRKs in the DA-depleted basal ganglia and PFC. In PFC,
the L-DOPA-treated group was the only group exhibiting increased expression of GRK5 and
6 proteins (Fig. 3a) in the lesioned hemisphere without changes in corresponding mRNAs (Fig.
3b). In Acb, L-DOPA elevated the GRK5 protein concentration in the lesioned hemisphere
(Fig. 3c). In rCPu, L-DOPA elevated GRK2 protein and mRNA concentrations in the lesioned
as compared with the control hemisphere, whereas DA depletion alone had no effect (Fig. 3e
and f). In cCPu, L-DOPA treatment reduced the GRK5 concentration but otherwise caused no
additional alterations in the expression of GRK at the protein or mRNA level in cCPu or GP
as compared with DA depletion alone (Fig. 4).

Pergolide, but not L-DOPA, reduced the concentrations of GRK6 protein in Acb and rCPu
(Fig. 3c and e) elevated by DA depletion, so that the intact and lesioned hemispheres were no
longer different. Unlike L-DOPA, pergolide did not increase the GRK5 expression in PFC and
Acb (Fig. 3a and c). In Acb, GRK6 mRNA, up-regulated by the 6-OHDA lesion, was down-
regulated by both dopaminergic drugs, whereas the GRK6 protein was reduced only by
pergolide (Fig. 3c and d). Pergolide increased the GRK2 protein and mRNA in Acb (Fig. 3c
and d), whereas DA depletion alone up-regulated GRK2 mRNA but not protein. Interestingly,
in rCPu, pergolide, unlike L-DOPA, did not up-regulate GRK2 protein or mRNA (Fig. 3e and
f). In cCPu and GP, where GRK6 protein was decreased following DA depletion, pergolide
restored normal expression (Fig. 4a and c). The down-regulation of GRK2 protein, but not
mRNA, in GP (but not cCPu) was also reversed by pergolide (Fig. 4c and d). Similarly to L-
DOPA, pergolide caused minimal changes in the expression of GRK3. In particular, pergolide
was unable to counteract the decrease in the GRK3 concentration in the lesioned rCPu, cCPu,
and GP (Figs 3c, 4a and c).
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Differential alterations in the levels of arrestins and GRKs in subcellular fractions
Arrestin and GRK subtypes differed significantly in their subcellular distribution in the normal
striatum. Arrestin2 was distributed relatively evenly among fraction, with the exception of LP1
(synaptic membrane) fraction, where it was less abundant (Fig. 5a and b). Arrestin3 has two
splice variants, short and long. Short variant is more abundant in the brain than the long isoform.
However, the two arrestin splice isoforms have differential subcellular distribution. Both
arrestin3 splice variants are enriched in membrane fractions, with arrestin3 short being
particularly high in light membranes and long variant concentrated almost exclusively in
synaptic membranes (LP1) (Fig. 5a and b). Membrane fractions (P3 + LP1) accounted for 60%
of total arrestin3 (both splice variants) as compared to 24% of arrestin2. We have also analyzed
subcellular distribution of spinophillin (neurabin II), the protein that has been shown to act as
an antagonist of arrestins in their interaction with GPCRs (Wang et al. 2004). Spinophillin was
evenly distributed in subcellular compartments, with only very slight enrichment in LP1 (Fig.
5a and b). GRK2 was only slightly enriched in both membrane fractions, whereas GRK3 was
highly concentrated in the membrane fractions, particularly in synaptic membranes (Fig. 5a
and c). Membrane fractions contained 80% of total GRK3 as opposed to 52% of GRK2. GRK5
and 6 had contrasting distributions. GRK5 was most abundant in P3 and LS1 fractions and
relatively low in LP1 fraction (Fig. 5a and c). GRK6 was concentrated in synaptic membranes
(LP1), present in P3, and barely detectable in the S3 and LS1 (Fig. 5a and c). Over 85% of
total GRK6 localized to membrane fractions as compared to 42% of total GRK5.

Next, we investigated changes in the concentrations of arrestins and GRKs in subcellular
fractions after DA depletion and chronic treatment with dopaminergic drugs. We did not detect
any changes in the arrestin concentrations in the total tissue lysate following DA depletion or
drug treatment. However, we found that in the lesioned rCPu L-DOPA treatment significantly
increased the arrestin3 concentration in LS1 (synaptic cytosol containing synaptic vesicles),
where arrestin3 concentration is normally quite low, and LP1 (synaptosomal membranes),
where arrestin3 is enriched (Fig. 6a). In the lesioned cCPu, arrestin3 level was significantly
increased by L-DOPA in P3 and in LP1 fractions (Fig. 6b). As long arrestin3 is restricted to
LP1 fraction, we only analyzed the expression of arrestin3 short in all fractions except LP1,
where we measured both splice variants. In LP1, arrestin3 long showed a tendency to increase
in the lesioned hemisphere but there were no statistically significant differences (Fig. 6a and
b). The GRK2 concentration in the total tissue lysate of rCPu was elevated by L-DOPA
treatment (Fig. 3e). We detected L-DOPA-induced increase in the GRK2 concentration in the
homogenate and in all fractions except P3 in the lesioned as compared to the intact hemisphere
(Fig. 7a). In cCPu, the lesion-induced loss of GRK3 observed in total homogenate was because
of a decrease in soluble form of the protein in S3 (Fig. 7b), which was unaltered by L-DOPA
treatment. Conversely, L-DOPA reduced the level of GRK5 in cCPu primarily by decreasing
its concentration in P3 fraction (Fig. 7c). We have detected significant reduction in the
concentration of PSD-95 in the lesioned hemisphere that was confined to rCPu and was not
reversed by L-DOPA treatment (Fig. 7d). The data suggest that DA depletion and subsequent
treatment with dopaminergic drugs not only alter the level of the arrestins and GRKs expression
but also modulate their subcellular distribution.

Discussion
Our data demonstrate that loss of DA and/or subsequent treatment with L-DOPA or DA agonist
pergolide altered the expression of arrestin and GRK subtypes in the 6-OHDA animal model
of PD (Table 1). Curiously, the directions of the changes elicited by DA depletion were opposite
in the rostral and caudal subdivisions of the basal ganglia: in Acb and rCPu the GRK
concentrations were either unchanged or elevated by the loss of DA and/or by DA drugs,
whereas in cCPu and GP they were mostly reduced. GRK3 was the only subtype not increased
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in any brain region in any experimental group, but still there was a rostrocaudal gradient: GRK3
concentration was unchanged in Acb (and PFC) but reduced everywhere else. This reduction
in the GRK concentration in the caudal basal ganglia appears specific for the hemiparkinsonian
rat model, as we detected no decrease in the concentration of any arrestin or GRK protein in
any region of the basal ganglia in a different PD model, MPTP-treated non-human primates
(Bezard et al. 2005). Comparative biochemical characterization of different models is
necessary to identify common elements likely associated with DA deficit as potential
therapeutic targets, as neither model recapitulates every aspect of human PD. Importantly, the
increase in the levels of GRK6 caused by DA depletion in the rat rostral basal ganglia is similar
to the up-regulation of GRK6 in MPTP-treated monkey we reported previously (Bezard et
al. 2005). These data together lend further support to the idea that GRK6 isoform is particularly
important for the DA signaling (Gainetdinov et al. 2003,2004) and suggest that up-regulation
of GRK6 is induced by DA depletion via mechanisms common for the rat and primate striatum.

The reason for such a specific regional pattern of changes in the expression of arrestins and
GRKs is unclear. Striatal subterritories, although sharing many cytoarchitectural and molecular
features, have specific connectivity and functions. In particular, Acb receives massive
projections from PFC, whereas the bulk of cortico-striatal projection to the dorsolateral CPu
(cCPu) comes from motor and sensorimotor cortical areas (Alexander and Crutcher 1990)
Anterior CPu (rCPu) receives projections from both limbic, such as PFC, and motor cortical
areas. Interestingly, GRK6 was up-regulated by L-DOPA in PFC, Acb, and rCPu and by
dopaminergic lesion alone in Acb and PFC. GRK5 was also increased by L-DOPA treatment
in both PFC and Acb. Such similar neurochemical alterations in closely connected brain
structures suggest the possibility that downstream plastic changes caused by DA depletion and
drug treatment involving specific brain circuitry are responsible for these effects rather than
simply loss of DA. This explanation is supported by our previous findings of distinctive
signaling alterations in each subdivision of the rat basal ganglia following DA depletion and
drug treatment, although the differences were quantitative rather than qualitative (Bychkov et
al. 2007). Additionally, the signaling pathways in the rat (Bychkov et al. 2007) and monkey
PFC (Bezard et al. 2005) were affected by the dopaminergic lesion and L-DOPA treatment,
although loss of dopaminergic innervation in PFC was minimal. Interestingly, in agreement
with the previous report (Nash et al. 2005), we detected down-regulation of PSD-95, which
was also confined to the rCPu. PSD-95 has recently been implicated in the DA-induced striatal
synaptic plasticity (Yao et al. 2004). PSD-95 was decreased in mice strains with reduced striatal
DA levels (norepinephrine transporter knockout and vesicular monoamine transporter
hemizygous mice) but also in mice lacking DA transporter that have elevated extracellular DA
levels (Yao et al. 2004). This indicates a complex mode of regulation of PSD-95 expression
by DA. Therefore, differential changes in the PSD-95 availability in the rostral and caudal
striatum observed in this study point to differential modifications of the plastic signaling
mechanisms in these brain regions. One possibility is that reduced PSD-95 concentration
produces supersensitivity of D1 DA receptors in the rostral striatum, as PSD-95 reduces surface
expression and signaling via D1 receptors (Zhang et al. 2007). It is conceivable that differential
modifications of signaling responses in the subregions of the basal ganglia and brain structures
connected to them ultimately give rise to specific deficits in regulation of arrestin/GRK
synthesis, degradation, and/or subcellular targeting.

Down-regulation of the GRK expression following lesion of dopaminergic neurons may be, at
least partially, explained by the loss of GRK proteins localized to dopaminergic terminals. In
particular, in cCPu, where there were no transcriptional changes, the loss of GRKs in the
dopaminergic terminals might account for apparent decrease in the concentrations of GRKs.
However, the decrease of all but one GRK in GP is mirrored by loss of mRNA suggesting that
the down-regulation occurred in GP neurons. The concentration of GRK3 is decreased in rCPu,
cCPu, and GP without corresponding reduction in mRNA. As GRK3 is highly expressed in
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the substantia nigra (Arriza et al. 1992) and, as we showed, is enriched in the fraction of synaptic
membranes, it is conceivable that loss of GRK3 was largely because of degeneration of
dopaminergic terminals. In this light, it is understandable why neither L-DOPA nor pergolide
restored the GRK levels. As we measured total concentrations of GRK proteins in the basal
ganglia structures, the changes we detected were most likely the result of the regulation of the
GRK expression in striatal neurons combined with losses of GRK proteins located in
nigrostriatal terminals.

Another important finding is that L-DOPA had little effect on the arrestin/GRK expression
(Table 1). In most cases, L-DOPA failed to restore normal GRK levels altered by the loss of
DA. L-DOPA caused an up-regulation of the GRK2 protein expression in rCPu, which was
not seen after DA depletion alone. Additionally, L-DOPA increased the concentration of
arrestin3 in specific subcellular fractions, whereas DA depletion alone caused no changes. In
contrast, pergolide reversed the lesion-induced changes in the GRK expression more
successfully than L-DOPA (Table 1). GRK6 and 5 responded to the pergolide treatment
particularly well. The sensitization of the rotational response to pergolide was much less severe
than to L-DOPA. Reduced behavioral sensitization to pergolide as compared to L-DOPA and
the drug’s low propensity to induced dyskinesia in humans (Foley et al. 2004) may be linked
with its ability to restore normal expression of GRKs in the DA-depleted basal ganglia. A
reduction in the expression of arrestins and/or GRK in the lesioned striatum may be viewed as
a compensatory response to the loss of DA designed to preserve signaling via DA receptors,
as decreased availability of arrestins and GRKs invariably impedes receptor desensitization
and enhances G protein-mediated signaling (Bohn et al. 1999;Mundell et al. 1999;Willets et
al. 1999;Horie and Insel 2000;Kohout et al. 2001;Ahn et al. 2003;Gainetdinov et al. 2003).
Upon degeneration of dopaminergic neurons, numerous pre- and post-synaptic compensatory
mechanisms are engaged aiming at preserving dopaminergic signaling [reviewed in Bezard
and Gross (1998) and Bezard et al.(2003)]. Simplistic logic would suggest that chronic
administration of L-DOPA and/or pergolide should elevate the concentration of arrestins and/
or GRKs to the pre-lesion level or even above it as a protective measure against excessive
stimulation. It is well proven that higher concentration of arrestins and GRKs facilitates
desensitization and reduces signaling via GPCRs (Ménard et al. 1996;Iaccarino et al.
1998a;Mundell et al. 1998;Iaccarino et al. 1999;Kim et al. 2001;Pan et al. 2003). This is likely
the case with the elevation of the arrestin3 and GRK2 concentration caused by L-DOPA.

As we reported previously, L-DOPA treatment restored normal levels of the arrestin and GRK
expression in the MPTP-lesioned monkey (Bezard et al. 2005), whereas in the rat only
pergolide, but not L-DOPA, was moderately effective. One possible explanation might be a
much longer duration of L-DOPA treatment in the monkey (45 vs. 10 days). Additionally, the
treatment paradigm we used in the study is designed to rapidly elicit behavioral sensitization
to L-DOPA with a high dose of L-DOPA. In contrast, monkeys were treated with the tailor-
made individual doses designed to reverse parkinsonian symptoms in each animal, similar to
the treatment of human patients. Low concentrations of arrestins and GRKs in the striatum of
human PD patients treated with L-DOPA for years (Bychkov et al. 2006) are consistent with
the notion that the long-term L-DOPA treatment down-regulates the arrestin/GRK expression
in the DA-depleted striatum. The fact that pergolide restored normal levels of specific GRK
isoforms in selected brain regions suggests that the arrestin/GRK expression in the lesioned
basal ganglia is amenable to appropriate dopaminergic treatment. The 6-hydroxydopamine-
lesioned rat and MPTP-lesioned monkey are widely used as animal models of PD and, as such,
undoubtedly share some molecular features, but they are unlikely to be identical. For obvious
reasons, rats are more commonly used for neurochemical studies, and many findings in rats
have never been reproduced in monkeys. Therefore, it is still unclear to what extent these
models are similar at the neurochemical level. Our studies highlighted the up-regulation of
GRK6 in the rostral basal ganglia as a common mechanism associated with the loss of DA in
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both primate and rodent model of PD. In conclusion, general pattern of changes in the
expression of arrestins and GRKs in the brain does not follow the pattern of DA depletion and
does not fit the idea of a simple compensatory response to the DA depletion or drug treatment.
Instead, the data suggest that the isoform- and brain region-specific alterations in the expression
of arrestins and GRKs detected in this study arise from complex and widespread plastic changes
in signaling mechanisms induced by loss of DA and/or subsequent treatment with
dopaminergic drugs.

It is also possible that DA is important for the regulation of the GRK expression and/or
degradation. Unfortunately, very little is known about the regulation of expression or
degradation of GRK isoforms, It has been demonstrated that the concentration of GRK2 in
cells is under elaborate control of multiple factors both at the transcription and degradation
levels [reviewed in Penela et al.(2006)]. GRK2 is a short-lived protein with half-life about 90
min and is rapidly degraded by the proteasome system. Phosphorylation by c-Src (Penela et
al. 2001) and ERK (Elorza et al. 2003) or ubiquitination by E3 Ubiquitin ligase Mdm2 (Salcedo
et al. 2006) enhances the GRK2 degradation rate. Both processes are facilitated by arrestins
and modulated by various signaling pathways activated by GPCRs or other receptors (Penela
et al. 2001; Elorza et al. 2003; Salcedo et al. 2006). Rapid turnover of GRK2 is consistent with
high mRNA : protein ratio observed in this work. Stimulation of alpha2- and beta2-
adrenoreceptors is reported to up-regulates GRK3 in neuronal cell lines in an ERK1/2-
dependent manner, possibly, via activation of Sp-1 and Ap-2 transcription factors (Salim et
al. 2007). The interaction of GRK3 with Hsp90 protected the kinase from proteasome-mediated
degradation, whereas increase in Ca2+ promoted the degradation of GRK3 by calcium-
dependent proteases (Salim and Eikenburg 2007). It is likely that complex signaling
mechanisms are involved in the regulation of the synthesis and degradation of other GRK
subtypes. Therefore, signaling effects of the DA depletion and drug treatment could translate
into altered transcription and/or degradation of GRKs leading to changes in their availability.

Our results demonstrated that arrestin and GRK subtypes have distinctive subcellular
distribution and that alterations in the arrestin/GRK concentrations caused by loss of DA or
drug treatment are often restricted to specific subcellular fractions. The subcellular distribution
of arrestin2 and GRK2 in the brain are in good agreement with that of previous reports (Murga
et al. 1998; Ozaita et al. 1998). The detailed subcellular distribution of other GRK isoforms
and arrestin3 in the brain are reported here for the first time. About 50% of GRK2 was
membrane-associated, whereas over 80% of GRK3, which is the closest relative of GRK2
(Ribas et al. 2007), was found in membrane fractions. Based on in vitro studies with
heterologous expression systems, both GRK2 and 3 were expected to be primarily cytosolic
and targeted to the plasma membrane in a receptor activation-dependent manner by virtue of
their interaction with the membrane-bound Gβγ released upon G-protein interaction with
GPCRs [reviewed in Willets et al.(2003)]. In vitro studies found that GRK5 and 6 might be
membrane associated via interaction with membrane phospholipids (GRK5) or post-
translational lipidation (palmitoylation) (GRK6) (Willets et al. 2003). Indeed, we found that
over 85% of GRK6 was membrane-associated with the large proportion localized to synaptic
membranes. These data agrees with previous observation that in the human brain 95% of GRK6
is membrane-associated (Grange-Midroit et al. 2002). Given an overall high level of GRK6
expression, GRK6 appears to be the major kinase at synapses and may play a critical role in
the DA-induced synaptic plasticity.

The two non-visual arrestin subtypes differ in their subcellular distribution: arrestin2 is
primarily cytosolic, with < 25% of total arrestin2 found in membrane fractions. Conversely,
more than half of arrestin3 is associated with membranes, with the short splice variant enriched
in the P3 and the long variant found almost exclusively in the synaptic membranes.
Interestingly, the concentration of arrestin3, although unchanged in total cell lysates, was up-

Ahmed et al. Page 10

J Neurochem. Author manuscript; available in PMC 2009 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regulated by L-DOPA in both membrane fractions, where arrestin3 is most abundant. Arrestins
are ubiquitous multifunctional molecules that, in addition to acting as adaptors for the GPCR
desensitization and trafficking, serve as activators of multiple signaling cascades (Gurevich
and Gurevich 2006; DeWire et al. 2007). Recently, arrestin3 was found to mediate behavioral
effects of DA via coupling of DA D2 receptors with the protein kinase B/glycogen synthase
kinase 3 (Akt/GSK3) pathway (Beaulieu et al. 2004, 2005, 2007). Akt (a.k.a. protein kinase
B) is activated by phosphorylation at multiple regulatory residues (Chan et al. 1999). DA acting
via D2 receptors inhibits Akt phosphorylation and activates glycogen synthase kinase 3, which
is negatively regulated by Akt-dependent phosphorylation. Arrestin3 acts as a scaffold bringing
together Akt and phosphatase 2A that dephosphorylates Akt (Beaulieu et al. 2005). We have
recently reported that DA depletion caused a supersensitive Akt phosphorylation response to
acute administration of a low dose of apomorphine (Bychkov et al. 2007). Moreover,
hemiparkinsonian rats chronically treated with L-DOPA, but not pregolide, displayed
constitutively elevated Akt phosphorylation in the lesioned hemisphere that was not further
enhanced by apomorphine administration. As arrestin3 is an obligatory intermediary in the
DA-induced Akt deactivation, elevated concentration of arrestin3 should be expected to reduce
the Akt activity. It is tempting to speculate that up-regulation of arrestin3 by L-DOPA treatment
might be a compensatory response aimed at reducing the level of constitutive Akt
phosphorylation. If this is the case, then over-expression of arrestin3 in the DA-depleted
striatum may inhibit behavioral sensitization to L-DOPA and, possibly, L-DOPA-induced
dyskinesia.

Our understanding of functional consequences of changes in the arrestin/GRK expression
caused by DA depletion and drug treatment is severely hampered by paucity of information
about specific roles played in the brain by individual arrestin and GRK isoforms. GRK2 and
3 belong to the same GRK subfamily and are very similar in sequence and biochemical
properties (Willets et al. 2003). GRK2 is expressed at a considerably higher level throughout
the brain than GRK3 (Gurevich et al. 2004; Bychkov et al. 2006), with largely overlapping
distribution (Arriza et al. 1992; Gurevich et al. 2004). Recent in vivo studies have demonstrated
that each isoform has unique function in regulating sensitivity of different GPCRs (Gainetdinov
et al. 2004; Premont and Gainetdinov 2007), although in vitro they tend to have similar effects
(Ahn et al. 2004a; Kim et al. 2005). GRK5 and 6 (along with GRK4) belong to another GRK
subfamily (Premont and Gainetdinov 2007; Ribas et al. 2007). Sequence homology between
GRK5 and 6 is lower than that between GRK2 and 3, and each undergoes specific post-
translational modifications (Willets et al. 2003). The experiments in cultured cells provided
evidence that GRK2/3 and 5/6 isoforms may regulate the sensitivity and signaling of GPCRs
in a reciprocal manner (Ahn et al. 2004a; Kim et al. 2005; Ren et al. 2005). GRK5 knockout
mice show super-sensitivity to the stimulation of M2 muscarinic receptors (Gainetdinov et
al. 2003), whereas mice lacking GRK6 are supersensitive to dopaminergic stimulation
(Gainetdinov et al. 1999). Arrestin3 null mice are supersensitive to μ-opioid receptor
stimulation (Bohn et al. 1999), whereas deletion of much more abundant arrestin2 has minimal
effect (Gainetdinov et al. 2004). It remains unclear how two ubiquitous arrestins and four GRKs
can regulate signaling via several hundreds GPCRs with any degree of specificity.
Accumulating evidence suggests that functions of arrestin/GRK isoforms may be different in
different cell types (Premont and Gainetdinov 2007). Our fractionation data suggest that
differential subcellular localization of arrestins and GRKs may contribute to their functional
specificity. The functional roles of arrestin and GRK isoforms may differ in different species.
Further studies are required to uncover critical information that would make it possible to fully
appreciate the functional role of the arrestin and GRK-mediated signaling in PD.
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nucleus accumbens

Akt  
protein kinase B
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caudal caudate-putamen

DA  
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ERK  
extracellular signal-regulated kinase
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G protein-coupled receptor
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G protein-coupled receptor kinase
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crude synaptic vesicle fraction
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P3  
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cytosolic fraction
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Fig. 1.
Characterization of the 6-hydroxydopamine-induced dopaminergic denervation and rotational
behavior. (a) High power photomicrograph of a representative nigral section immunostained
for TH. Left image shows the substantia nigra in the intact hemisphere, right image – in the
hemisphere lesioned with 6-hydroxydopamine. The photograph illustrates almost complete
loss of TH-positive dopaminergic neurons on the lesioned side. (b) Quantification of TH
immunoreactivity in the striatal regions and prefrontal cortex by western blot. The striatum
and nucleus accumbens show severe depletion of dopaminergic fibers, whereas the loss of TH
immunoreactivity in the globus pallidus is less pronounced. Minimal loss of TH
immunoreactivity is observed in the prefrontal cortex. There were no significant differences
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among the three experimental groups (saline, L-DOPA, and pergolide) in the degree of
dopaminergic lesion. (c) The number (mean ± SEM) of contralateral rotations during the first
hour after daily L-DOPA administration. The rotation frequency in the L-DOPA- and
pergolide-treated group was compared for each day by ANOVA with Group as main factor.
*p < 0.05, **p < 0.01 to the corresponding values in the pergolide-treated group. The increase
in the rotation frequency in the course of the treatment (behavioral sensitization) was significant
in both groups: F(9108) = 11.28 p < 0.0001, and F(9,90) = 8.21, p < 0.0001, for the L-DOPA
and pergolide group, respectively, according to repeated measure ANOVA with day repeated
measure factor.
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Fig. 2.
(a) Representative western blots demonstrating antibody specificity and the expression of GRK
isoforms in the rat striatum. To detect GRK2, 2.5 μg protein per lane was used; for the GRK3
and 5 –5 μg protein per lane, and 10 μg protein per lane for GRK6. (b) Comparison of
concentrations of GRK protein levels in the normal rat brain. Bar graph represents the mean ±
SE of the amount (ng/mg protein) of GRK isoforms in the striatal subterritories and prefrontal
cortex of the control rat brain. The GRK concentrations were measured by quantitative western
blot as described in Materials and methods. (c) Representative autoradiogram of RNAse
protection assay measuring the concentrations of GRK mRNAs in the rat brain. mRNAs of
four GRK isoforms were measured in the single reaction using specific probes of different size.
Left four lanes show protected fragments generated from different amounts of GRK mRNAs
synthesized in a in vitro transcription reactions using full-length GRK cDNA as templates.
These standard samples were included in all experiments and were used to generate calibration
curves to convert relative values into absolute concentrations of GRK mRNAs. (d) Comparison
of concentrations of mRNA of GRK subtypes in the control rat brain. Bar graph represents the
mean ± SE of the amount (pg/mg protein) of GRK mRNAs in the striatal subterritories and
prefrontal cortex of the control rat brain. The GRK concentrations were measured by RNAse
protection assay as described in Materials and methods.
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Fig. 3.
Expression of GRK isoforms in the control and lesioned hemisphere in 6-hydroxydopamine-
lesioned rats treated with saline, L-DOPA, or pergolide. Bar graphs show the concentrations
of GRK proteins (a, c, e) and mRNA (b, d, f) in the prefrontal cortex (PFC) (a, b), nucleus
accumbens (Acb) (c, d) and rostral caudate-putamen (rCPu) (e, f) in the lesioned hemisphere
as percent of the corresponding values in the intact hemisphere (means ± SE). The GRK
proteins were measured by western blot and mRNAs by RNAse protection assay as described
in Materials and methods. The data were statistically analyzed separately for individual brain
groups by repeated-measure one-way ANOVA with Hemisphere as a factor. *p < 0.05, **p <
0.01 to the values in the intact hemisphere. #p < 0.05 to the control group; @p < 0.05 to the L-
DOPA group; $p < 0.05 to the pergolide group according to one-way ANOVA with Group as
main factor followed by Bonferroni/Dunn post hoc comparison.
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Fig. 4.
Expression of GRK isoforms in the control and lesioned hemisphere in 6-hydroxydopamine-
lesioned rats treated with saline, L-DOPA, or pergolide. Bar graphs show the concentrations
of GRK proteins (a, c) and mRNA (b, d) in the caudal caudate-putamen (cCPu) (a, b) and
globus pallidus (c, d) in the lesioned hemisphere as percent of the corresponding values in the
intact hemisphere (means ± SE). The GRK proteins were measured by western blot and mRNAs
by RNAse protection assay as described in Materials and methods. The data were statistically
analyzed separately for individual brain groups by repeated-measure one-way ANOVA with
Hemisphere as a factor. *p < 0.05, **p < 0.01 to the values in the intact hemisphere. @p < 0.05
to the L-DOPA group according to one-way ANOVA with Group as main factor followed by
Bonferroni/Dunn post hoc comparison.
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Fig. 5.
Subcellular distribution of arrestin and GRK isoforms in the rat striatum. The striatal tissue
was fractioned as described in Materials and methods. (a) Representative western blots
showing the distribution of arrestins and GRKs in subcellular fractions. Corresponding purified
proteins were used to identify bands. Only long splice variant of arrestin2 was detected. The
most abundant splice variant of arrestin3 is short, but long variant predominated in the synaptic
membrane fraction. (b) Quantification of western blot results showing relative concentrations
(mean ± SEM) of arrestins and spinophillin in subcellular fractions (homogenate – 100%). (c)
Subcellular distribution of GRK isoforms expressed as mean ± SEM (homogenate – 100%).
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Fig. 6.
Changes in the concentration of arrestin3 in the subcellular fractions in the rostral (rCPu) (a)
and caudal caudate-putamen (cCPu) (b) caused by dopamine depletion and L-DOPA treatment
(shown as percent of values for the intact hemisphere; mean ± SEM). The data were statistically
analyzed for individual brain regions, groups, and subcellular fractions by repeated-measures
one-way ANOVA with Hemisphere as a factor. *p < 0.05, **p < 0.01 to the values in the intact
hemisphere.
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Fig. 7.
Changes in the concentration of GRKs in the subcellular fractions in the rostral (rCPu) or caudal
caudate-putamen (cCPu) caused by dopamine depletion and L-DOPA treatment (shown as
percents of values for the intact hemisphere; mean ± SEM). (a) GRK2; (b) GRK3; (c) GRK5;
(d) PSD-95. The data were statistically analyzed for individual brain regions, groups, and
subcellular fractions by repeated-measure one-way ANOVA with Hemisphere as a factor.
*p < 0.05, **p < 0.01 to the values in the intact hemisphere.
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