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Abstract
Abundant evidence points to a key role of dopamine in motor skill learning, although the

underlying cellular and molecular mechanisms are still poorly understood. Here, we used a

skilled-reaching paradigm to first examine changes in the expression of the plasticity-

related gene Arc to map activity in cortico-striatal circuitry during different phases of motor

skill learning in young animals. In the early phase, Arc mRNA was significantly induced in

the medial prefrontal cortex (mPFC), cingulate cortex, primary motor cortex, and striatum. In

the late phase, expression of Arc did not change in most regions, except in the mPFC and

dorsal striatum. In the second series of experiments, we studied the learning-induced

changes in the phosphorylation state of dopamine and cAMP-regulated phosphoprotein,

32k Da (DARPP-32). Western blot analysis of the phosphorylation state of DARPP-32 and

its downstream target cAMP response element-binding protein (CREB) in the striatum

revealed that the early, but not late, phase of motor skill learning was associated with

increased levels of phospho-Thr34-DARPP-32 and phospho-Ser133-CREB. Finally, we

used the DARPP-32 knock-in mice with a point mutation in the Thr34 regulatory site (i.e.,

protein kinase A site) to test the significance of this pathway in motor skill learning. In

accordance with our hypothesis, inhibition of DARPP-32 activity at the Thr34 regulatory site

strongly attenuated the motor learning rate and skilled reaching performance of mice.

These findings suggest that the cAMP/PKA/DARPP-32 signaling pathway is critically

involved in the acquisition of novel motor skills, and also demonstrate a dynamic shift in the

contribution of cortico-striatal circuitry during different phases of motor skill learning.

Introduction
The capacity to learn new motor skills is fundamental for our daily activities and our ability to
adapt to challenging environments throughout life. Although learned motor skills can vary

PLOSONE | DOI:10.1371/journal.pone.0140974 October 21, 2015 1 / 23

OPEN ACCESS

Citation: Qian Y, Forssberg H, Diaz Heijtz R (2015)
Motor Skill Learning Is Associated with Phase-
Dependent Modifications in the Striatal cAMP/PKA/
DARPP-32 Signaling Pathway in Rodents. PLoS
ONE 10(10): e0140974. doi:10.1371/journal.
pone.0140974

Editor: Véronique Sgambato-Faure, INSERM /
CNRS, FRANCE

Received: September 17, 2014

Accepted: October 2, 2015

Published: October 21, 2015

Copyright: © 2015 Qian et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the
Foundation Olle Engkvist Byggmästare, Swedish
Brain Foundation, Foundation Frimurarna Barnhuset,
Swedish Research Council (grant no. 5925), Swedish
Foundation for Strategic Research, Berzelii Center
Stockholm Brain Institute (Vinnova & Swedish
Research Council), Strategic Neuroscience Program
at Karolinska Institutet, Knut and Alice Wallenberg
Foundation, and Foundation Promoblilia. The funders
had no role in study design, data collection and

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0140974&domain=pdf
http://creativecommons.org/licenses/by/4.0/


widely in type and complexity, all are acquired through repetitive practice, refinement, and
storage (for a review, see [1]). The acquisition of new motor skills is characterized by an initial
phase of rapid improvement in performance, followed by a later phase of more gradual
improvement when performance reaches nearly asymptotic levels at the same time as the skills
are consolidated. Once a skill is mastered, it can be readily retrieved with reasonable levels of
performance even after extended practice-free periods.

Motor training and motor learning have recently been emphasized as important compo-
nents of rehabilitation programs for children with motor disabilities ([2] for review). Several
studies have demonstrated that children and adolescents with cerebral palsy (CP) can improve
their hand functioning by intense training of the impaired hand [3, 4]. There has been increas-
ing interest in understanding the cellular and molecular mechanisms underlying the different
phases of motor skill learning, in order to develop new treatment strategies for optimizing
motor function in rehabilitation programs.

Various behavioral tasks and experimental paradigms have been used in exploring the
neurobiological basis of motor skill learning in rodents, including accelerating rotarod and
skilled reaching tasks. These studies have revealed that motor skill learning induces functional
changes in the primary motor cortex (M1). In rats, learning a novel skilled reaching task is
associated with expanded distal forelimb movement representations in M1 contralateral to the
trained forelimb [5]. Evidence also indicates structural changes in white matter microstructure
[6], synaptogenesis [7], and spine formation [8]. Studies have shown that the integrity of the
mesocortical dopaminergic (DAergic) pathway in M1 is essential for successful motor skill
learning and associated synaptic plasticity in this region [9, 10]. A more recent study indicates
that dopamine (DA) influences motor skill learning and synaptic plasticity (i.e., long-term syn-
aptic potentiation) in M1 via D1 and D2 receptor–mediated activation of the intracellular
phospholipase C (PLC) signaling pathway [11].

A number of human and animal studies indicate that the striatum, the major input nucleus
of the basal ganglia, is an important node in the cortico-striatal circuitry subserving motor skill
learning [1]. In line with these findings, we found a negative correlation between the motor
learning rate and the mRNA levels of dopamine and cAMP-regulated phosphoprotein, 32 kDa
(DARPP-32) in both frontal cortex and striatum of mice [12]. DARPP-32 is a signaling hub
that plays a critical role in the integration of numerous neurotransmitter and neuromodulator
signals arriving at dopaminoceptive neurons (for review, see [13]). In addition, it is highly
expressed in medium spiny neurons of the striatum and glutamatergic pyramidal neurons of
the frontal cortex (albeit at lower levels) [14–17]. The function of DARPP-32 depends on its
relative state of phosphorylation at multiple regulatory sites (e.g., Thr34, Thr75 and Ser97) that
are regulated by calcium and cAMP signaling pathways [18, 19]. For example, phosphorylation
of DARPP-32 at the threonine 34 (Thr34) regulatory site (e.g., via D1 receptor dependent
cAMP/protein kinase A pathway) results in the potent inhibition of a multifunctional serine/
Thr protein phosphatase-1 (PP-1) that controls the phosphorylation state of several down-
stream proteins necessary for synaptic plasticity and learning including the transcription factor
cAMP response element-binding protein (CREB). However, still very little is known about the
role of DARPP-32 in motor skill learning.

The main goals of this study are three-folds: The first goal was to determine whether the
striatum is differentially engaged during different phases of motor skill learning. For this pur-
pose, we studied the induction of the plasticity-related gene activity-regulated cytoskeleton-
associated protein (Arc; also known as Arg3.1), an immediate-early gene that has been widely
used to map brain activity in the rodent brain, and is also modulated by DA [20]. The second
goal was to examine whether different phases of motor skill learning are accompanied by dis-
tinct patterns in the phosphorylation state of DARPP-32, and its downstream target CREB in
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areas marked by Arc. Finally, based on the results of the first two series of studies, we wanted to
test whether we could impair motor skill learning by blocking the activity of DARPP-32 at the
Thr34 regulatory site (i.e., protein kinase A site) using transgenic mice.

Materials and Methods

Animals
Rats. All experiments were performed in 5-week-old male outbred Wistar rats (Charles

River, Sulzfeld, Germany). The animals arrived in the laboratory three weeks before the experi-
ment and were housed together with their mothers in standard plastic cages (GR 900 IVC;
Tecniplast, Buguggiate Va, Italy) under controlled temperature, humidity, and light (12:12 h
light–dark cycle, lights on at 0700 h) conditions. Food and water were available ad libitum. The
animals were weaned from their mothers on postnatal day (PD) 21. One week later, animals
were randomly assigned to either a skilled reach training group or an active control group (see
below) and housed in pairs. Each set of paired rats was separated by a clear Plexiglas partition
(containing small holes, 10 mm in diameter) that divided the home cage in half in order to
monitor the daily food intake of each individual rat.

Mice. Knock-in mice expressing a mutated form of DARPP-32, in which the phosphoryla-
tion site for PKA (Thr-34) is substituted with an alanine (DARPP-32 Thr34A mutant mice;
courtesy of Prof. Gilberto Fisone and Prof. Paul Greengard) were generated as described in ear-
lier studies [21], and were backcrossed for at least 10 generations on a C57BL/6 background.

All experiments were conducted according to a protocol approved by the Ethics committee
on Animal Research, Stockholm North and in accordance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC).

Skilled reaching procedure for rats
Single-pellet reaching apparatus. Single-pellet reaching boxes were made of clear Plexi-

glas (14 cm wide, 45 cm long, and 35 cm high) as previously described [22]. In the centre of
each box’s front wall was an open vertical slot 1.0 cm wide that extended from the floor to a
height of 13 cm. Outside the wall, in front of the slot, a shelf (width 4.0 cm and length 14 cm)
was mounted 3 cm above the floor. Small indentations to hold food pellets were located 2.0 cm
from the inside of the front wall, aligned with the edges of the open slot. This distance prevents
the animal from retrieving food pellets using its tongue.

Feeding and food restriction. Starting on PD 28 and during skilled reach training, rats in
both activate and trained groups were put on a reduced diet until they reached 85–90% of their
normal body weight. The growth curves of non-food restricted animals were used as reference.
To familiarize the rats with the food pellets used for the skilled reaching task, each rat received
30 of these pellets (45-mg precision-weight, purified rodent tablets; TestDiet, St. Louis, MO,
USA) 8 h before the daily Purina Rodent Chow ration given one week before training. Once
skilled reach training began, and until the end of the motor training, only rodent chow was
provided in the home cage.

Pre-training and training sessions. Two days before the skilled reach training, the train-
ing group rats were placed into the reaching cage with food pellets on the shelf for 15 min (i.e.,
in front of the indentation, very close to the open slot). This was done to introduce each animal
to the training box and to identify the preferred forelimb for reaching/grasping the pellets
through the open slot. By the end of the second day, all animals had demonstrated a consistent
preference for one forelimb in their attempts to reach/grasp the pellets (>80% of the time).
During the subsequent 3 or 12 days of motor training, each animal in the trained groups
underwent a daily 15-min training session consisting of 30 discrete trials. For each trial, one
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pellet was placed into the indentation located 2.0 cm from the inside of the front wall contralat-
eral to the preferred forelimb. Each food pellet was immediately removed from the shelf when
the pellet was displaced too far away from the indentation, to prevent additional reaching
attempts after an unsuccessful discrete trial. During inter-trial intervals, rats were trained to
leave the open slot at the front of the box and walk to the rear wall of the cage to wait a few sec-
onds before returning to the front of the cage for the subsequent trial. This was accomplished
by occasionally placing a food pellet close to the rear wall of the cage. In addition, food pellets
were not placed on the shelf on semi-randomly selected trials, in order to teach the animals to
reach only when a food pellet was present on the front shelf. To control for the potential effects
of increased motor activity, animals in the active control groups were placed into the same
training cages and trained to walk between the front and rear walls of the cage for 15 min. Food
pellets were individually placed on the front floor of the cage, where animals could eat them
with either their tongues or paws. Thus, animals in the active control groups received the same
number of pellets and were exposed to the same level of general motor activity as animals in
the skilled reach training group; however, they never developed skilled reaching movements.

Performance on the skilled reaching task used here is characterized by an initial phase when
skilled reach accuracy improves rapidly over the first five days of training, followed by a later
slow phase of learning when performance improvement reaches nearly asymptotic levels [7].
Based on this information, we defined days 3 and 12 as the early and late phases of motor skill
learning, respectively. Animals were therefore trained for 3 or 12 consecutive days before being
evaluated for molecular and biochemical changes during these two phases.

Video recording. Reaching performance was video recorded using a Samsung
HMX-H100P high-definition camcorder. Skilled reaches were analyzed and evaluated frame-
by-frame using Windows Media Player software.

Skilled reaching procedure for mice
Mice were trained for 12 days in a single-pellet skilled reaching task, as previously described
[12].

Endpoint analysis of skilled-reaching behavior
Reaching behavior was analyzed by measuring first-attempt success, i.e., the success, in percent,
with which an animal obtained a food pellet on first advancing a forelimb toward the food.
First-attempt success in percent was calculated as: (number of pellets obtained on first
advance/30) × 100. The learning rate was calculated by subtracting the average performance of
the first 2 days from the average performance of the last 2 days, and divided by the intertrial
intervals, as previously described [12].

Gene expression studies
Thirty minutes after the last skilled reach training session on either the 3rd training day (early
phase, EP) or 12th training day (late phase, LP), trained and active control groups (i.e., EP
trained, EP active control, LP trained, and LP active control groups; n = 5 per group) were
killed by decapitation and their brains rapidly removed, frozen on dry ice, and kept at –80°C
until used. Coronal sections (20 μm) of the frontal cortex, striatum and cerebellum were pre-
pared on a cryostat and stored at –80°C until used.

In situ hybridization. The Arc and DARPP-32 riboprobes were prepared by amplifying a
conserved region of Arc (GenBank: NM_018790, 478–1121 bp) and DARPP-32 (GenBank:
AY601872, 760–1283 bp), respectively, from a rat brain cDNA library. The amplified cDNA
fragments were subcloned into a pCR1II-TOPO vector (Invitrogen, Lidingö, Sweden) and
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confirmed by nucleotide sequencing. The DA D1 receptor (Drd1) riboprobe was prepared
from a 1.373-kb BamHI fragment of the rat Drd1 cDNA [23] and cloned into the EcoRI
and Sma1 sites of pGEM-3Z. The DA D2 receptor (Drd2) riboprobe was prepared from a
BspMII-AflII fragment corresponding to nearly the entire third intracellular domain of the rat
Drd2, which was subcloned into a pGEM-4Z vector [24]. Linearized plasmids were used to syn-
thesize [35S]-UTP-labeled riboprobes. In vitro transcription was carried out using the MAXI-
script™ SP6/T7 kit (Applied Biosystems, Uppsala, Sweden) and 35S-UTP (NEG039H; Perkin
Elmer, Upplands Väsby, Sweden) according to the manufacturer’s instructions. The transcripts
were purified using NucAway™ spin columns (Applied Biosystems, Uppsala, Sweden). Fixation,
pre-hybridization, hybridization, and washes were performed essentially as previously
described [25]; hybridization was conducted using 2–5 × 106 cpm/section 35S-UTP-labelled
RNA probe at 55°C for 14–16 h. Non-specific hybridization was determined by incubating sec-
tions with the respective 35S-UTP-labelled sense probe under conditions identical to those of
the antisense probe. Following RNase A washing, treated slides were hydrated, dried, and
exposed to ß-Max autoradiographic film (Kodak BioMax MR film, Sigma-Aldrich, Stockholm,
Sweden) for 1–14 days to enable visualization of Arc-, Drd1-, Drd2-, and DARPP-32 hybrid-
ization. Calibrated [14C]-labeled standards (Amersham Biosciences, Uppsala, Sweden) were
incorporated into all cassettes to allow for quantification. Films were developed in D-19 devel-
oper for 2 min and in a 1:5 dilution of Amfix fixative for 10 min.

Image analysis. All comparisons between groups were made on sections hybridized
together, under identical conditions and exposed for the same time of period to β-Max autora-
diographic film. Films were scanned with an Epson Perfection V700 Photo Scanner as gray-
scale film, using 1200 dpi and saved as high-quality TIFF files. For each animal, the mRNA
levels were determined from two to three sections per brain region by measuring the optical
density values using the appropriate software (NIH Image J version 1.48, National Institutes of
Health). A 14C step standard (GE Healthcare, Uppsala, Sweden) was included to calibrate opti-
cal density readings and convert measured values into nCi/g. The regions analyzed were the
forelimb representation of M1 (2.70 mm to 1.0 mm anterior to bregma), striatum (1.6 mm
anterior to -0.26 mm posterior to bregma), nucleus accumbens (1.6 mm to 1.0 mm anterior to
bregma), cingulate cortex (1.6 mm to 1.0 mm anterior to bregma), medial prefrontal cortex
(2.7 mm to 2.5 mm anterior to bregma), orbital frontal cortex (2.7 mm to 2.5 mm anterior to
bregma), and cerebellum (13.68 mm to 12.72 mm posterior to bregma). All brain regions were
identified with cresyl-violet-stained sections using an atlas of the rat brain [26] (see Fig 1).

Biochemical studies
Immediately after the last skilled reach training session on either the 3rd training day (EP
group) or 12th training day (LP group), active control and trained groups (i.e., EP trained
group, n = 8; EP active control group, n = 6; LP trained group, n = 10; LP active control group,
n = 6) were killed by decapitation; their brains were rapidly removed and the striata were dis-
sected out within 20 s on an ice-cold surface, frozen immediately on dry ice, and kept at –80°C
until used.

Western blotting. Samples were homogenized in 700 μL of 1% SDS and 50 mMNaF, and
then boiled for 10 min as previously described [14]. Aliquots (10 μL) of the homogenate were
used for protein determination using the Quick StartTM Bradford Protein Assay kit (Bio-Rad,
Sundbyberg, Sweden). Equal amounts of protein (5–10 μg) for each sample were loaded onto
12% polyacrylamide gels. Proteins were separated by SDS-PAGE and transferred to Immobi-
lon1 PVDF membranes (Millipore, Solna, Sweden). The membranes were immunoblotted
using polyclonal antibodies against phosho-Thr34-DARPP-32 (cat no.: 12438, 1:1000),
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phospho-Thr75-DARPP-32 (cat no.: 2301, 1:5000), phospho-Ser-97-DARPP-32 (cat no.: 3401,
1:10,000), and phospho-Ser-133-CREB (cat no.: 9198, 1:10,000; all from Cell Signaling Tech-
nology, Beverly, MA, USA). Antibodies against total DARPP-32 and CREB (cat no.: 2306,
1:40,000 and cat no.: 9104, 1:1000, respectively; Cell Signaling Technology, Beverly, MA, USA)
that are not phosphorylation state specific were also used to estimate the total amount of these
proteins. Antibody binding was revealed by incubation with horseradish peroxidase-conju-
gated secondary antibodies (Bio-Rad, Sundbyberg, Sweden) and Clarity™ western ECL sub-
strate (Bio-Rad, Sundbyberg, Sweden). Protein band detection was carried out using the
ChemiDoc™ XRS+ System with Image Lab™ Software (Bio-Rad, Sundbyberg, Sweden) and
quantitated using NIH Image J version 1.29 (National Institutes of Health). Rabbit polyclonal
antibody against Heat Shock Protein 90 (cat no.: 4874, 1:10,000; Cell Signaling Technology,
Beverly, MA, USA) served as a loading control. At the end of the experiment, nitrocellulose
membranes were also stained with Coomassie Blue (Bio-Rad, Sundbyberg, Sweden) to verify
the equal loading of proteins.

Statistical analysis
Statistical analyses were performed using STATVIEW software (version 5.1). All behavioral
experiments were analyzed using either repeated measures analysis of variance (ANOVA) or
factorial ANOVA when appropriate. Statistical analysis of gene expression studies was per-
formed using one-way ANOVA, considering hemisphere as a covariate). All post hoc compari-
sons were made using a Bonferroni/Dunn test when significant ANOVA effects were found.
Phosphorylation data were analyzed with two-tailed unpaired Student's t-test. The threshold

Fig 1. Schematic representation of the brain regions analyzed.Drawings illustrate the location where
measures for gene expression studies were obtained. Coronal sections are marked in millimeters from
bregma according to the Rat Brain atlas of Paxinos andWatson (1998). Labeled areas correspond to the
following brain regions: medial prefrontal cortex (mPFC); orbitofrontal cortex (OFC); cingulate cortex (CG);
primary motor cortex (M1); nucleus accumbens core (AcbC); nucleus accumbens shell (AcbSh); dorsal
lateral striatum (DLS); dorsal medial striatum (DMS); ventrolateral striatum (VLS); paramedian lobule (PML).

doi:10.1371/journal.pone.0140974.g001
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for statistical significance was set as P� 0.05. All data are presented as the mean (M) ± stan-
dard error of the mean (SEM).

Results

Behavioral assessment of rats used for molecular and biochemical
studies
The performance of animals in the skilled reaching task is illustrated in Fig 2. The line graphs
represent success on the first reach attempt (i.e., the most sensitive endpoint measure of skilled
performance) in percent for the EP (white circles) and LP (black) groups. Repeated-measures
ANOVA indicated significant effects of day of training on final reaching accuracy for both the
EP (F(12,24) = 17.411; P< 0.0001) and LP (F(14,154) = 17.411; P< 0.0001) groups. Post hoc Bon-
ferroni/Dunn analyses indicated a significant increase in reaching success after 3 days and 12
days of training (P< 0.0001) compared with the first day of training. In the EP group, perfor-
mance improved from 14% (± 3%) on day 1 to 31.0% (± 3%) on day 3. In the LP group, perfor-
mance improved from 17% (± 3%) on day 1 to 47.0% (± 5%) on day 12. Additional analyses
revealed no significant improvements in performance in the LP group over training days 5–12
(P> 0.1), indicating that the performance of the LP group (i.e., 12 days of training) had stabi-
lized by the time of killing. There were no significant differences in motor learning between the
EP and LP on days 1–3 (F (1,26) = 1.02; P = 0.32).

Fig 2. The performance of Wistar rats in the single pellet skilled reaching task used in the present
study. The success on the first reach in percentage is presented. To investigate the dynamics of gene
expression and biochemical changes at different phases of motor learning, one group of rats, the Early Phase
(EP), were trained in the skilled reaching task for 3 days. A second group, the Late Phase (LP), was trained
for 12 days (i.e., until asymptotic levels of reaching performance were achieved). The results are presented
as the means ± SEM (n = 13–15 per group).

doi:10.1371/journal.pone.0140974.g002
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Patterns of Arc mRNA induction during different phases of motor skill
learning
Figs 3 and 4 show the effects of 3 and 12 days of motor training on Arc mRNA expression in
the primary motor cortex (M1), medial prefrontal cortex (mPFC), orbital frontal cortex (OFC),
cingulate cortex (CG), striatum, shell (AchSh) and core (AchC) regions of the nucleus accum-
bens (for anatomical guidance, see Fig 1). Arc expression was highest in the OFC and lowest in
the nucleus accumbens (note the different scales of the y-axes).

Cortical regions. ANOVA for mPFC revealed significant effects of condition (trained vs.
active control) for both the EP (F(1,16) = 8.4; P< 0.05) and LP (F(1,16) = 10.96; P< 0.01) groups.
Post hoc Bonferroni/Dunn analyses confirmed an increase in Arc gene expression in the mPFC
contralateral to the trained forelimb in both the EP and LP trained groups compared with their
respective active control groups (P< 0.05; Fig 3A), but not in the ipsilateral cortex (P> 0.1).
For M1 and CG, there were also significant effects of condition [(F(1,14) = 14.79; P< 0.01) and
(F(1,14) = 18.53; P< 0.001), respectively] in the EP groups, but not in the LP groups (P> 0.1).
Post hoc Bonferroni/Dunn analyses indicated an increase in Arc gene expression in both hemi-
spheres of the EP trained group compared with their respective EP active control groups
(P< 0.05, Figs 3A and 4A, respectively).

Striatum. ANOVA for the DMS and VLS revealed significant effects of condition [(F(1,16)
= 23.62; P< 0.001) and (F(1,16) = 14.41; P< 0.01), respectively] in the EP groups. Post hoc Bon-
ferroni/Dunn analyses indicated a significant increase in Arc expression in the bilateral DMS
and VLS (albeit less robust than in the DMS) of the EP trained group compared with the EP
active control group (P< 0.01 and P< 0.05, respectively; Fig 4A). In contrast, no significant
changes were found in the DLS. In the LP trained group, ANOVA revealed a significant effect
of condition only in the DMS (F(1,16) = 12.41; P< 0.01). Bonferroni/Dunn analyses indicated a
small, but significant increase in Arc expression in the ipsilateral DMS of the LP trained group
(P< 0.01; Fig 4A).

Nucleus accumbens. ANOVA for the core region revealed significant effects of condition
(F(1,14) = 26.59; P< 0.001) in the EP group, but not in the LP trained group (P> 0.1). Post hoc
Bonferroni/Dunn analyses indicated a significant increase in Arc gene expression in the bilat-
eral core region of the EP trained group compared with the EP active control group (P< 0.001
and P< 0.05, respectively; Fig 4A). No significant effects were found in the shell region in
either the EP or LP trained groups (data not shown).

Cerebellum. ANOVA for the PML, a region of the cerebellar cortex involved in forelimb
movement [27], failed to detect any significant effects (data not shown).

Dynamic shifts in striatal expression of dopamine-related genes during
early and late phases of motor skill learning
Figs 5 and 6 show the effects of 3 or 12 days of motor skill training on Drd1 and DARPP-32
mRNA expression, respectively, in the striatum and nucleus accumbens.

Drd1. ANOVA for the DMS, DLS, VLS, and AcbSh revealed significant effects of condi-
tion [(F(1,16) = 8.04; P< 0.05), (F(1,16) = 6.94; P< 0.05), (F(1,16) = 5.38; P<0.05) and (F(1,16) =
10.54; P< 0.01), respectively] in the EP group, but not in the LP group (P> 0.1). Post hoc Bon-
ferroni/Dunn analyses indicated a significant decrease in Drd1 gene expression in the DMS,
DLS, VLS, and AcbSh contralateral to the trained forelimb of the trained group compared with
the active control group (P< 0.01, P< 0.01, P< 0.05 and P< 0.05, respectively; Fig 5A). No
significant differences were detected in the AchC, mPFC, M1, OFC and CG regions in either
the EP or LP trained groups (S1 Table).
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DARPP-32. ANOVA for the DMS, and DLS revealed significant effects of condition
[(F(1,16) = 16.21; P< 0.01) and (F(1,16) = 25.74; P< 0.001), respectively] in the EP group. Post
hoc Bonferroni/Dunn analyses revealed a significant increase in DARPP-32 mRNA expression
in the bilateral DMS and DLS of the EP trained group compared with the EP active control
group (P< 0.05; Fig 6A). However, no significant changes were found in the DMS and DLS in
the LP trained groups (data not shown). In addition, there were no significant changes in the
AchSh and AchC regions (see Fig 6A) or cortical regions (see S1 Table).

Drd2. There were no significant changes in Drd2 gene expression after either 3 or 12 days
of motor training (P> 0.05) (see S2 Table).

Enhanced phosphorylation of DARPP-32 at the Thr34 site and its
downstream target CREB is associated with the early, but not late,
phase of motor skill learning
Examination of total protein levels in the striatum contralateral to the trained forelimb did not
reveal differences in DARPP-32 or CREB between the EP trained group and the EP active con-
trol group (see Fig 7D and 7F, respectively). In contrast, phospho-Thr34-DARPP-32 and phos-
pho-Ser133-CREB levels were significantly higher (P< 0.05 and P< 0.001, respectively) in the
striatum contralateral to the trained forelimb of the EP trained group compared with the EP
active control (see Fig 7A and 7E). The levels of phospho-Thr34-DARPP-32 and phospho-
Ser133-CREB, however, did not differ significantly between the LP trained and LP active con-
trol groups (data not shown). Moreover, no significant differences were found in the levels of
phospho-Thr75-DARPP-32 or phospho-Ser97-DARPP-32 (see Fig 7B and 7C) in either the EP
or LP (see S3 Table) trained groups when compared with their respective active control groups.

Correlations between skilled-reaching performance during the late
phase of motor skill learning and levels of phospho-Thr75-DARPP-32
and phospho-Ser133-CREB
In a recent study, we found a negative correlation between the rate of motor learning and level
of DARPP-32 expression in the bilateral striata [12]. We therefore examined the possibility
that variation in skilled-reaching performance during the late phase of motor skill learning
would be associated with levels of phospho-DARPP-32 at specific regulatory sites, i.e., Thr34,
Thr75, and Ser97. A highly significant positive correlation was found between skilled-reaching
performance (i.e., average success on the first reach attempt on days 11 and 12) and level of
phospho-DARPP-32 at the Thr75 site, but not at the Thr34 or Ser97 sites (r = 0.848, P = 0.002;
Fig 8A), in the striatum contralateral to the trained forelimb. In a subsequent analysis, rats
were divided into either good or poor learners according to their individual learning curve pro-
files and performance during the last 5 days of training. A good learner was defined as an ani-
mal that had a clear learning curve (i.e., displaying an incremental level of performance over
training days 1–5) and an average or above level of performance during the last 5 days of train-
ing (i.e., days 8–12). A poor learner was defined as an animal that did not display a clear

Fig 3. Arc mRNA expression is differentially induced in cortical regions during different phases of motor skill learning. (A) Regional analysis of Arc
mRNA expression in various cortical regions of (top panel) early phase (EP) active controls (white bars) vs. EP trained rats (red bars), and of (bottom panel)
late phase (LP) active controls (white bars) vs. LP trained rats (blue bars). Data in bar graphs showmean optical density (OD) values for Arc mRNA in M1,
mPFC, and OFC. The results are presented as means ± SEM; n = 4–5 per group. Asterisks indicate where trained rats differ significantly (*P < 0.05) from
active control rats. Abbreviations are as follows: ipsilateral (Ipsi) and contralateral (Contra). (B) Representative autoradiographs showing the mRNA
expression levels of Arc at the level of the frontal cortex of active controls and trained rats during the early and late phases of motor skill learning. The
pseudo-coloring indicates signal intensity ranging from low (black/purple) to high (yellow/white). For more details, see Figs 1 and 2.

doi:10.1371/journal.pone.0140974.g003
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learning curve and had a level of performance 50% lower than the average. Analysis of the state
of DARPP-32 phosphorylation according to levels of performance (i.e., good vs. poor) indi-
cated that the levels of phospho-Thr75-DARPP-32 were significantly lower in the poor learner
group compared with the active control group (P< 0.01; Fig 8C).

Given that CREB is a downstream target of DARPP-32 that has also been implicated in the
molecular cascade that mediates the formation of long-lasting memories, we explored a poten-
tial correlation between skilled-reaching performance and levels of CREB at the Ser133 site. A
highly significant positive correlation was found between skilled-reaching performance and
level of phospho-Ser133-CREB (r = 0.727, P = 0.017; Fig 8B). Analysis of the state of CREB
phosphorylation according to level of performance (i.e., good vs. poor) revealed that the levels
of phospho-Ser133-CREB were significantly higher in the good learner group compared with
the active control group (P< 0.05; Fig 8D).

Impaired motor skill learning in knock-in DARPP-32 mice with a mutated
Thr34 regulatory site
Young adult DARPP-32 Thr-34 mutant mice and wild type (WT) mice were trained for 12
days in a single pellet skilled reaching as previously described [12]. Fig 9 illustrates the skilled
reaching behavior of adult T34A DARPP-32 mutant mice and wild type mice (WT) mice.
Repeated-measures ANOVA for success on the first reach attempt (%) showed significant effects
of strain (F1,14 = 21.05, P< 0.001), training day (F11,154 = 9.08, P< 0.0001) and a strain by
training day interaction (F11,154 = 5.83, P< 0.0001). The DARPP-32 Thr-34 mutant mice dis-
played little improvement over the 12-day testing period (Fig 9A). Post hoc Bonferroni/Dunn
analyses confirmed that DARPP-32 Thr-34 mutant mice had significantly (P< 0.05) lower
scores in success on the first reach attempt (%) on days 5–12 of training compared with wild
type (WT) mice. Moreover, DARPP-32 Thr-34 mutant mice had a significantly (P< 0.01)
lower learning rate than WTmice (Fig 9A’).

Analysis of total success (%) by repeated-measures ANOVA showed significant effects of
strain (F1,14 = 17.65, P< 0.001), training day (F11,154 = 10.39, P< 0.0001) and a strain by train-
ing day interaction (F11,154 = 3.10, P< 0.001). Post hoc Bonferroni/Dunn analyses showed that
DARPP-32 Thr-34 mutant mice had significantly lower scores in total success on days 4–12
compared with WT mice (P< 0.05; Fig 9B), as well as lower learning rate (P< 0.01; Fig 9B’).

Discussion
This study demonstrates that training in a novel skilled reaching task during early acquisition
engages a cortico-striatal circuitry, which becomes more restricted as the skill is automatized.
Moreover, the early, but not late, phase of motor skill learning is associated with alterations in
the expression of DA-related genes and with changes in intracellular signaling pathways. Fur-
thermore, inhibition of DARPP-32 activity at the PKA site (Thr34) impaired skilled motor
learning. Our studies suggest that activation of the cAMP/PKA/DARPP-32 pathway in the stri-
atum is critically involved in fine motor skill acquisition.

Fig 4. Arc mRNA expression is differentially induced within sub-regions of the striatum during different phases of motor skill learning. (A) Regional
analysis of Arc mRNA expression within sub-regions of the striatum of (top panel) early phase (EP) active controls (white bars) vs. EP trained rats (red bars),
and of (bottom panel) late phase (LP) active controls (white bars) vs. LP trained rats (blue bars). Data in bar graphs showmean optical density (OD) values
for Arc mRNA in DMS, DLS, VLS, AcbC, and AcbSh. The results are presented as means ± SEM; n = 5 per group. Asterisks indicate where trained rats differ
significantly (*P < 0.05, **P < 0.01, and ***P < 0.001) from active control rats. (B) Representative autoradiographs showing the mRNA expression levels of
Arc at the level of the striatum of active controls and trained rats during the early and late phases of motor skill learning. For more details, see Figs 1 and 2.

doi:10.1371/journal.pone.0140974.g004
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The immediate early gene Arc has been widely implicated in synaptic and experience-
dependent plasticity. A unique characteristic of Arc is that its mRNA traffics to dendrites and
accumulates at activated synapses [28]. Although the function of Arc is still unclear, it is
believed to be part of a versatile, finely-tuned system capable of coupling changes in neuronal
activity to diverse forms of synaptic plasticity, such as long-term potentiation (LTP), long-term
depression (LTD), and homeostatic plasticity, thereby optimizing information storage in active
networks [28]. In the present study, we demonstrate that Arc mRNA is induced within a bilat-
eral cortico-striatal network of young animals, including M1, mPFC (roughly homologous to
the dorsolateral PFC in humans), CG, and the striatum during the early phase of motor learn-
ing. These findings are consistent with human neuroimaging studies demonstrating recruit-
ment of similar cortical regions (e.g., M1 and dorsolateral PFC) during the initial stages of
motor skill learning (for a review, see [1]). Involvement of M1 during the early phase of motor
skill learning has been well documented in adult rodents. For example, recruitment of neurons
in M1 occurs in behaving mice during the initial phases of learning the rotarod task [29]. More
recently, imaging studies in adult mice also demonstrated that training in a skilled reaching
task leads to rapid formation (within an hour) of dendritic spines on pyramidal neurons in M1
contralateral to the trained forelimb [8]. In the present study, we found that Arc mRNA was
induced in both the contralateral and ipsilateral M1 during the early phase of motor skill learn-
ing. The changes observed in ipsilateral M1 are not entirely unexpected given that rodents
coordinate their non-preferred forelimb to support the body during reaching. Moreover, evi-
dence from human studies indicates that the primary motor cortex is activated bilaterally dur-
ing skilled unimanual movements [30].

We also found that Arc mRNA was induced in various dorsal striatum sub-regions,
particularly in the DMS or associative striatum, which receives input primarily from associa-
tion cortices such as the prefrontal cortex. These findings are consistent with studies in rats
demonstrating that inhibiting protein synthesis in the dorsal striatum impairs the acquisition
of skilled reaching [31], and with electrophysiological studies in monkeys and rodents suggest-
ing a more prominent role for the associative striatum during the early phase of motor skill
learning [32, 33]. This is also in agreement with functional neuroimaging studies in humans
and electrophysiological experiments in monkeys and rodents have implicated the striatum in
motor skill learning (for a review, see [1]).

Arc mRNA was also induced in the ventral striatum (i.e., core and shell regions of the
nucleus accumbens) during the early phase of learning. Although there is limited direct evi-
dence for a role of the nucleus accumbens in motor skill learning, it is tempting to speculate a
role in the motivational processes affecting motor learning (for a review, see [34]). Interest-
ingly, training-induced changes in Arc mRNA expression were not detectable in the PML, a
cerebellar cortex region involved in forelimb movement, suggesting less involvement of cor-
tico-cerebellar circuits for acquisition of skilled forelimb movements [27]. The cortico-cerebel-
lar circuits, however, may be more important in other types of motor skill learning e.g.,
involving the coordination of all four limbs [27, 35].

A striking finding of this study is the dramatic shift observed in the Arc expression
pattern in the cortico-striatal circuits during the various phases of motor skill learning, with

Fig 5. Decreased striatal Drd1 mRNA expression during the early, but not late, phase of motor skill learning. (A) Regional analysis of dopamine D1
receptor (Drd1) mRNA expression within sub-regions of the striatum of (top panel) early phase (EP) active controls (white bars) vs. EP trained rats (red bars),
and of (bottom panel) late phase (LP) active controls (white bars) vs. LP trained rats (blue bars). Data in bar graphs showmean optical density (OD) values
for Drd1 mRNA in the DMS, DLS, VLS, AcbC, and AcbSh. The results are presented as means ± SEM; n = 5 per group. Asterisks indicate where trained rats
differ significantly (*P < 0.05 and **P < 0.01) from active control rats. (B) Representative autoradiographs showing the mRNA expression levels of Drd1 at
the level of the striatum of active controls and trained rats during the early and late phases of motor skill learning. For more details, see Figs 1 and 2.

doi:10.1371/journal.pone.0140974.g005

Motor Skill Learning and Dopamine

PLOS ONE | DOI:10.1371/journal.pone.0140974 October 21, 2015 14 / 23



Motor Skill Learning and Dopamine

PLOS ONE | DOI:10.1371/journal.pone.0140974 October 21, 2015 15 / 23



substantially lower expression during the late phase. These observations are consistent with
electrophysiological studies in mice indicating differential cortico-striatal plasticity (e.g., neuro-
nal firing rate) during the early and late phases of motor skill learning [29].

DA is a neurotransmitter that plays a major role in motor learning and synaptic plasticity.
For example, learning of a rotarod task is impaired by moderate disruption of DA release in the
striatum by the neurotoxin 6-OHDA [36] and by downregulation of synaptotagmin I (a pro-
tein involved in neurotransmitter release) in the nigrostriatal terminals [37]. In addition, it has
been demonstrated that destruction of DAergic terminals from the ventral tegmental area to
cortex or blockade of DA receptors in M1 impairs motor skill acquisition, but not the execution
of a previously acquired motor skill (for a review, see [38]). In humans, studies using molecular
positron emission tomography (PET) imaging have found changes in striatal dopamine release
during the initial acquisition of a motor skill [39]. Moreover, indications suggest that genetic

Fig 6. Increased striatal DARPP-32mRNA expression during the early, but not late, phase of motor skilled learning. (A) Regional analysis of
dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-32) mRNA expression within sub-regions of the striatum of (top panel) early phase (EP)
active controls (white bars) vs. EP trained rats (red bars), and of (bottom panel) late phase (LP) active controls (white bars) vs. LP trained rats (blue bars).
Data in bar graphs showmean optical (OD) density values for DARPP-32 mRNA in the DMS, DLS, VLS, AcbC, and AcbSh. The results are presented as
means ± SEM; n = 5 per group. Asterisks indicate where trained rats differ significantly (*P < 0.05 and **P < 0.01) from active control rats. (B) Representative
autoradiographs showing the mRNA expression levels of Drd1 at the level of the striatum of active controls and trained rats during the early and late phases
of motor skill learning. For more details, see Figs 1 and 2.

doi:10.1371/journal.pone.0140974.g006

Fig 7. Enhanced phosphorylation of DARPP-32 and CREB in the striatum is associated with the early phase of motor skill learning. (A) Levels of
phospho-Thr34-DARPP-32, (B) phospho-Thr75-DARPP-32, (C) phospho-Ser97-DARPP-32, (D) total DARPP-32, (E) phospho-Ser133-CREB, and (F) total
CREB were evaluated in the striatum contralateral to the trained forelimb of active controls (white bars) and trained (red bars) rats after 3 days of motor skill
learning (i.e., early phase) by means of Western blotting. The top row presents representative autoradiograms. The bottom graph is a summary of data
represented as means ± SEM (n = 6–8 per group). Asterisks indicate where trained rats differ significantly (*P < 0.05) from active control rats. Heat Shock
Protein 90 (HSP90) served as the loading control in A–F.

doi:10.1371/journal.pone.0140974.g007

Motor Skill Learning and Dopamine

PLOS ONE | DOI:10.1371/journal.pone.0140974 October 21, 2015 16 / 23



variation in the human DA system influences motor skill learning and modulatory responses
to L-DOPA [40].

In the present study, we examined training-induced plasticity changes of the dopamine
system at multiple levels (from gene expression to biochemical changes in intracellular signal-
ing pathways). At the mRNA level, our data demonstrate training-induced changes in the

Fig 8. Correlations between skilled-reaching performance during the late phase of motor skill learning and levels of either phospho-Thr75-DARPP-32
or phospho-Ser133-CREB. (A) Simple regression analysis indicating a significant correlation between success on the first reach attempt, in percent, during the
late phase of motor skill learning and levels of phospho-Thr75-DARPP-32 or (B) phospho-Ser133-CREB. Filled circles represent values for individual rats from
the late phase (LP) group. LP trained rats were divided into good and poor learners according to their individual learning curve profiles and endpoint
performance. (C-D) The top row presents representativeWestern blot autoradiograms for phospho-Thr75-DARPP-32 and phospho-Ser133-CREB. (C) Data in
bar graphs represent the levels of phospho-Thr75-DARPP-32 or (D) phospho-Ser133-CREB in controls (n = 6), good learners (n = 6), and poor learners (n = 4)
expressed asmeans ± SEM. The asterisks indicate where poor or good learners differ significantly (*P < 0.05) from active controls.

doi:10.1371/journal.pone.0140974.g008

Motor Skill Learning and Dopamine

PLOS ONE | DOI:10.1371/journal.pone.0140974 October 21, 2015 17 / 23



expression of DA D1 receptors and their intracellular target DARPP-32 in the striatum during
the early, but not late, phase of motor skill learning. The results of western blot analysis, how-
ever, failed to reveal any changes in total DARPP-32 and DA D1R (data not shown) protein
levels. One reason might be that the animals used for the biochemical studies were sacrificed
immediately after the task (i.e., an optimal time point for detecting changes in protein phos-
phorylation), while later time points would have been more optimal for changes in total protein
levels. No alterations in DA D2 receptor expression were found, unlike reports regarding the
striatum of rats after circling training (i.e., gross motor training) [41]. Our results are consistent

Fig 9. Deficits in skilled reaching behavior in DARPP-32 Thr34Amutant mice. Endpoint measurements of reaching behavior are presented. (A) Success
on the first reach attempt, in percentage. (B) Total success, in percentage. (A0 and B0) Bar graphs show the learning rate for each endpoint. The results are
presented asmeans± SEM; n = 8 per group. Asterisks denote where DARPP-32 Thr34Amutant mice differ significantly (* P < 0.05, ** P < 0.01, *** P < 0.001)
fromwild type (WT) mice.

doi:10.1371/journal.pone.0140974.g009
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with our previous human PET studies demonstrating that the training of working memory is
associated with changes in the density of cortical DA D1 but not D2 receptors [42].

In the present study, we further investigated the potential involvement of DARPP-32, a sig-
naling “hub” that integrates information arriving at dopaminoceptive neurons via a variety of
neurotransmitters and neuromodulators [43]. In particular, DARPP-32 is crucial for the
expression of striatal synaptic plasticity, for example, LTP and LTD [44]. Our biochemical
studies revealed that the early, but not late, phase of motor skill learning is associated with
increased phosphorylation of DARPP-32 in the striatum, specifically at the Thr34 site. More-
over, we demonstrated that the acquisition and performance of skilled reaching behavior were
strongly attenuated in DARPP-32 knock-in mice with a point mutation in the Thr34 regulatory
site (i.e., protein kinase A site). Previous studies have demonstrated that activation of DA D1
receptors results in protein kinase A (PKA)-catalyzed phosphorylation of DARPP-32 at the
Thr34 site [45]. Together with previous studies demonstrating that mice lacking LTP specifi-
cally in the striatum are impaired in motor skill learning [46], the present results suggest that
the striatal DA D1 receptor/cAMP/PKA/DARPP-32 pathway is important for acquisition of
new fine motor skills.

At the cellular level, when DARPP-32 is phosphorylated at the Thr34 site it becomes a
potent inhibitor of PP-1, which controls the phosphorylation state and hence the physiological
activity of several downstream targets including CREB [47]. CREB family transcription factors
have been implicated in hippocampal-dependent learning and memory (for a review, see [48])
and in cortico-striatal synaptic plasticity [49]. Moreover, mice with a mutation in the CREB-
binding (KIX) domain of the CREB-binding protein exhibit impaired motor learning in a
rotarod paradigm [50]. Consistent with these findings, we also found an increase in phosphor-
ylation of CREB on Ser-133 during the early, but not late, phase of motor skill learning. In
addition, we found a positive correlation between individual skilled-reaching performance dur-
ing the late phase of motor learning and levels of phospho-Ser133-CREB, with a significant
increase in phosphorylation in the striatum of good learners relative to controls. This suggests
that an optimal level of sustained CREB phosphorylation is required during the late phase of
motor skill learning for successful consolidation of motor memories. The absence of any corre-
lations with the levels of PKA-mediated phosphorylation of DARPP-32 at the Thr34 site indi-
cates that other signaling pathways (e.g., Ca2+/calmodulin-dependent kinase IV and mitogen-
activated protein kinases) may be modulating the state of CREB phosphorylation during the
late phase of motor skill learning [51]. Interestingly, we also found a strong positive correlation
between skilled reaching performance and levels of phospho-Thr75-DARPP-32, poor learners
having lower levels of phosphorylation relative to controls. It has previously been demon-
strated that cyclin-dependent kinase 5 (Cdk5) phosphorylates DARPP-32 at the Thr75 site,
converting DARPP-32 into a PKA inhibitor [52]. Under basal conditions, the levels of phos-
pho-Thr75-DARPP-32 in the striatum are high and DAergic signaling is constrained by tonic
activity of Cdk5 signaling. On the other hand, DA acting through the D1 receptor/cAMP/PKA
pathway decreases the state of phosphorylation of striatal DARPP-32 at the Thr75 site, thereby
removing the Cdk5-mediated inhibitory constraint [53]. We postulate that there might be an
imbalance in other neurotransmitters and second messengers involved in phosphorylating
Cdk5 or its regulatory factors in poor learners, since we failed to observe enhanced PKA-medi-
ated phosphorylation of DARPP-32 at the Thr34 site during the late phase of motor skill
learning.

In a recent study, Rioult-Pedotti and collaborators reported that DAergic signaling in M1
influences motor skill learning and synaptic-plasticity via activation of the intracellular PLC
pathway, but not the PKA pathway [11]. In contrast, the results of the present study provide
compelling evidence for the involvement of the striatal cAMP/PKA/DARPP-32 signaling
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pathway in the acquisition of novel motor skills. The reasons for the discrepancies between our
studies are unclear, but they could be related to regional differences in the expression of DA
receptor subtypes. For example, DA D5 receptors, which are coupled to the PLC signaling
pathway, are more abundantly expressed in cortical regions than in the striatum [54–57]. An
important challenge for future studies is to unravel the specific role of DA receptor subtypes
within cortico-striatal circuitry in motor skill learning, and to identify the key downstream tar-
gets required for successful motor skill learning.
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