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Abstract

Evidence indicates that dopamine receptors regulate processes of procedural learning in the
sensorimotor striatum. Our previous studies revealed that the indirect dopamine receptor agonist
cocaine alters motor-skill learning-associated gene regulation in the sensorimotor striatum. Cocaine-
induced gene regulation in the striatum is principally mediated by D1 dopamine receptors. We
investigated the effects of cocaine and striatal D1 receptor antagonism on mator-skill learning. Rats
were trained on a running wheel (40-60 min, 2-5 days) to learn a new motor skill, that is, the ability
to control the movement of the wheel. Immediately before each training session, the animals received
an injection of vehicle or cocaine (25 mg/kg, i.p.), and/or the D1 receptor antagonist SCH-23390 (0,
3, 10 ng/kg, i.p., or 0, 0.3, 1 ug, intrastriatal via chronically implanted cannula). The animal’s ability
to control/balance the moving wheel (wheel skill) was tested before and repeatedly after the training.
Normal wheel-skill memory lasted for at least 4 weeks. Cocaine administered before the training
tended to attenuate skill learning. Systemic administration of SCH-23390 alone also impaired skill
learning. However, cocaine given in conjunction with the lower SCH-23390 dose (3 pg/kg) reversed
the inhibition of skill learning produced by the D1 receptor antagonist, enabling intact skill
performance during the whole post-training period. In contrast, when cocaine was administered with
the higher SCH-23390 dose (10 pg/kg), skill performance was normalized 1-6 days after the training,
but these rats lost their improved wheel skill by day 18 after the training. Similar effects were
produced by SCH-23390 (0.3-1 pg) infused into the striatum. Our results indicate that cocaine
interferes with normal motor-skill learning, which seems to be dependent on optimal D1 receptor
signaling. Furthermore, our findings demonstrate that D1 receptors in the striatum are critical for
consolidation of long-term skill memory.
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Introduction

Previous research showed that the dorsal striatum mediates forms of procedural learning,
including habit (S-R) learning and motor-skill learning (e.g., Graybiel, 1995; Knowlton et al.,
1996; Packard and Knowlton, 2002). The cellular and molecular processes underlying this type
of learning, however, remain poorly understood. Evidence indicates that striatal dopamine
regulates such processes. For example, studies showed that dopamine receptor agonists infused
into the striatum modified procedural maze learning (Packard and White, 1991; Packard et al.,
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1994). Conversely, skill learning in a rotarod task was impaired by moderate striatal dopamine
depletion (Ogura et al., 2005).

It has been proposed that exposure to psychostimulants such as cocaine and amphetamine can
lead to abnormal habit learning as a consequence of excessive stimulation of striatal dopamine
receptors and ensuing molecular adaptions in striatal neurons (White, 1996; Berke and Hyman,
2000; Everitt et al., 2001). This notion is based in part on findings showing that
psychostimulants often affect the same molecular mechanisms that mediate learning and
memory in various brain systems (Berke and Hyman, 2000; Nestler, 2001; Kelley, 2004). For
example, psychostimulant-induced molecular changes include altered expression of genes that
encode transcription factors such as c-fos and zif 268 (e.g., Harlan and Garcia, 1998; Steiner
and Gerfen, 1998), and synaptic scaffolding proteins such as homer (e.g., Swanson et al.,
2001; Yano and Steiner, 2005). Whereas the former are implicated in various forms of
neuroplasticity, including memory consolidation (Stork and Welzl, 1999; Davis et al., 2003),
the latter are thought to directly regulate synaptic efficacy (Xiao et al., 2000; Thomas, 2002),
presumably a mechanism of long-term memory formation.

We have recently employed c-fos and homer 1a as markers to map the distribution of motor-
skill learning-associated molecular changes in the striatum and determine their modification
by cocaine (Willuhn et al., 2003; Willuhn and Steiner, 2005; Willuhn and Steiner, 2006). In
these studies, we used a novel motor-skill learning paradigm in which rats learn to run on a
running wheel, a motor skill that rats acquire within 1-2 trials (Willuhn and Steiner, 2006).
Our results showed that this wheel-skill learning is associated with transiently enhanced c-
fos and homer 1a inducibility in specific parts of the sensorimotor striatum (Willuhn and
Steiner, 2005; Willuhn and Steiner, 2006). These learning-related molecular changes were
abnormally enhanced when the wheel-skill training occurred under the influence of cocaine
(Willuhn et al., 2003; Willuhn and Steiner, 2005; Willuhn and Steiner, 2006).

In the present behavioral study, we further characterized the previously used wheel-skill
learning task and developed and validated a novel test to measure long-term memory for this
wheel skill. We also investigated how the same cocaine treatment that altered learning-
associated gene regulation in the striatum in our previous studies (see above) affected this
wheel-skill learning. Psychostimulant effects on gene regulation in the striatum are primarily
mediated by D1 dopamine receptors (e.g., Graybiel et al., 1990; Steiner and Gerfen, 1995;
Drago et al., 1996; Moratalla et al., 1996). Moreover, recent findings indicate that D1 receptors
are involved in procedural learning (e.g., Eyny and Horvitz, 2003; Hale and Crowe, 2003). In
the present study, we thus also investigated the role of striatal D1-type receptors in wheel-skill
memory formation, by using systemic and intrastriatal administration of the D1 receptor
antagonist SCH-23390 in doses that did not attenuate wheel running.

Experimental procedures

Subjects

Male Sprague—Dawley rats (180-220 g at the beginning of the experiments; Harlan, Madison,
WI, USA) were housed in pairs under standard laboratory conditions on a 12:12 h light/dark
cycle (lights on at 0700 h). They had free access to food (standard rodent chow) and water.
Experiments 1 to 3 were conducted between 1700 and 1900 h, experiment 4 between 1300 and
1600 h. All procedures met the NIH guidelines for the care and use of laboratory animals and
were approved by the Rosalind Franklin University Animal Care and Use Committee.
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Running-wheel training

Training and testing were performed in the same room. In order to minimize the effects of
surrounding noise, constant “white noise” was provided during both training and testing. Rats
were trained on a running wheel once a day (40- or 60-min session) on 2 or 5 consecutive days.
During the training session the animal was free to run, but could not leave the wheel. The
running wheels (Wahmann Company, Baltimore, MD, USA) consisted of a rotating metal
chamber with a wire mesh floor (diameter, 35 cm; width, 11 cm), attached to a stationary metal
wall with an access opening that could be closed. A mechanical counter recorded full wheel
revolutions.

Wheel-skill testing

The wheel-skill test is based on our previous findings showing that, in the beginning of the
running-wheel training, rats are unable to run with an appropriate speed to remain at the bottom
of the wheel (Willuhn and Steiner, 2006). The rat often moves too fast or too slow relative to
the speed of the wheel. Consequently, because of the momentum of the wheel, the rat/wheel
“swings”. During continued wheel training, the rat learns to minimize wheel swinging by
adjusting its movements to control/balance the wheel (“wheel skill”’; Willuhn and Steiner,
2006). The wheel-skill test assesses this skill by measuring the rat’s ability to stop the wheel
from swinging.

The wheel skill was tested on the day before the first training session (“pre”) and repeatedly
after the last training session (“post”). In experiments with only systemic drugs during the
training, the animals were tested on post-days 1, 6, 18, 26, and in experiments with intrastriatal
drug infusions, on post-days 1, 13, 27. One day before the pre-test the animal was habituated
to test/training room and wheel by placing it on a locked wheel for 1 h. On the test day, the rat
was again first placed inside the locked wheel for a 2-min habituation period. The wheel with
the rat was then gently rotated by 90 degrees (rat’s head up) (Fig. 1a). Upon release, the wheel
swung back and forth until the rat stopped the swinging by counterbalancing. Behavior on the
wheel was videotaped for analysis. Wheel-skill performance was measured by counting the
number of interruptions by the rat’s body (minus tail) of a horizontal line placed at one third
of the wheel diameter above the wheel bottom (marked on the video monitor; see Fig. 1a), until
the animal failed to interrupt for 3 sec. The reliability of this video analysis was confirmed by
a high correlation (r=0.96-0.99) between 2 different raters, as determined in pilot studies. In
all studies, two trials per test (inter-trial interval 1 min) were performed, and the scores were
averaged for a measure of performance error. The treatment groups were balanced with respect
to pre-test scores.

Implantation of guide cannulas (experiment 4)

Rats were anesthetized with ketamine/xylazine (60/20 mg/kg) and given a dose of the analgesic
Banamine (1.5 mg/kg, s.c.). A guide cannula (26 gauge; Plastics One, Roanoke, VA, USA),
occluded by a “dummy cannula”, was implanted into the right striatum (A, —0.1 mm; L, 3.0
mm; V, —4.0 mm; Paxinos and Watson, 1998), aiming at the striatal sectors that previously
showed wheel learning-associated changes in gene regulation (Willuhn and Steiner, 2006).
One week later, one day before the first infusion, the dummy cannula was replaced with a
longer one that protruded 2.5 mm beyond the tip of the guide cannula to reduce the probability
of acute damage caused by the infusion cannula (33 gauge, 1 mm longer than the guide
cannula). The infusion site in the striatum was confirmed after completion of the experiment
(4 weeks after the infusions). To mark the track, the long dummy cannula was reinserted into
the guide cannula, and the animal was then killed. Cannula placement was verified in Nissl-
stained coronal sections (see Fig. 4d).
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Experimental designs and drug administration

Experiment 1 assessed the effects of practicing running on wheel-skill learning. Rats received
an injection of vehicle (0.02% ascorbic acid, 1 ml/kg, i.p.) immediately before they were placed
on a running wheel, on 2 days (60 min/day; n=8). Controls were confined to an identical, but
immobilized (“locked”) wheel (n=8). Thus, the controls could freely move about the wheel,
but could not run (turn the wheel). Experiment 2 investigated the effects of the training duration
on wheel learning, with and without cocaine during the training. Animals trained on a running
wheel on 2 or 5 days (60 min/day; n=7-8), after an injection of vehicle or cocaine (cocaine
hydrochloride; Sigma, St. Louis, MO, USA,; 25 mg/kg, in 0.02% ascorbic acid, i.p.).
Experiment 3 assessed the effects of cocaine and/or systemic D1 receptor blockade during the
training. Rats trained on a running wheel on 2 days (40 min/day), after receiving an injection
of the D1 receptor antagonist SCH-23390 (R(+)-SCH-23390 hydrochloride; Sigma; 0, 3 or 10
ug/kg, in 0.02% ascorbic acid, i.p.; n=7-9), followed 10 min later by an injection of cocaine
(25 mg/kg) or no injection. Experiment 4 investigated the effects of intrastriatal D1 receptor
blockade plus systemic cocaine during the training. Rats received an intrastriatal infusion of
SCH-23390 (0, 0.3 or 1 ug in 1 pl of saline; 0.2 ul/min; n=8-9), followed 10 min later by a
cocaine injection (25 mg/kg) and the training, on 2 days (40 min/day). In both experiments,
SCH-23390 doses were used that did not inhibit wheel running, as determined in pilot studies.

Statistical analysis

Results

Effects of drug treatments and training conditions on skill-test performance after the training
(averaged post-training test scores) were determined by nonparametric one-factor analysis of
variance (Kruskal-Wallis test) or Mann-Whitney U test (between-group comparisons).
Training effects over time within a group were assessed by nonparametric analysis of variance
for repeated measures (Friedman test), and post hoc Wilcoxon paired-sample tests were used
to describe differences between pre- and post-training test scores (Statistica, Statsoft, Tulsa,
OK, USA). Treatment effects on wheel revolutions during the training were determined by
Kruskal-Wallis and Mann-Whitney U tests. P values are used as a measure of confidence
(Greenwald et al., 1996) to describe the effects; p values for pair-wise comparisons are two-
tailed. In order to facilitate comparisons between experiments, the test scores are expressed as
percentage of mean pre-test scores.

Wheel-skill learning is dependent on practicing during the training

Experiment 1 assessed the effects of running- vs. locked-wheel training (2 days) on wheel-skill
performance on days 1 and 6 after the training (Fig. 1b). In the pre-test, the “running wheel”
group showed an average of 15.4+1.5 (mean+SEM) errors (swings) per trial, the “locked
wheel” group 15.5£2.9 errors. Similar pre-test error counts were obtained in experiments 2—4
(not shown). Mann-Whitney U test comparing the averaged post-training error scores of
running vs. locked groups revealed a significant effect of training condition (Z=3.16, p<0.01).
Furthermore, the Friedman test comparing error scores over time revealed that the training on
the running wheel significantly improved the subsequent performance in the wheel-skill test
(x°=14.0, p<0.001), as these rats committed significantly fewer performance errors than before
the training on both post-days 1 and 6 (p<0.05, Wilcoxon test) (Fig. 1b). In contrast, animals
that had no opportunity to practice their wheel skill (i.e., that were on the locked wheel) showed
no improvement in their test performance (x2=0.3, p>0.1) (Fig. 1b). These findings demonstrate
that running (practicing) during the training is critical for this motor-skill learning.

To further clarify the relationship between practicing during the running-wheel training and
wheel-skill learning, we performed a correlation analysis using the data of vehicle-treated rats
from experiments 1, 2 and 3 (2-day training) (Fig. 1c). Our results show that, on both post-
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days 1 and 6, the number of errors committed during the skill test was negatively correlated
with the amount of running during the training (total wheel revolutions in both sessions) (post-
day 1, r=—0.61, p<0.01; post-day 6, r=—0.50, p<0.05; Spearman rank correlation; Fig. 1c).
These findings demonstrate that wheel-skill improvement is directly related to the amount of
practicing during the training.

Effects of cocaine treatment and training duration on wheel-skill learning

In experiment 2, the effects of varying the training duration (2 vs. 5 days), with and without
cocaine, on wheel-skill learning were assessed on days 1, 6, 18, and 26 after the last training
session (Fig. 2). Analysis of averaged post-training test scores showed that cocaine tended to
impair skill learning, while longer training facilitated learning, but these effects did not reach
statistical significance (p>0.05, Kruskal-Wallis test). Analysis of skill performance over time
for individual groups confirmed these tendencies. Thus, vehicle-injected animals that trained
on a running wheel for 2 days showed a significantly improved skill performance after the
training compared to pre-training values (32=12.9, p<0.05, Friedman test), and they retained
this skill for up to 26 days after the training (p<0.05) (Fig. 2a). In contrast, in cocaine-treated
rats, the effect of the 2-day training on skill performance did not reach statistical significance
(x2=9.1, p=0.059), although a trend for fewer errors after the training was seen (Fig. 2a). After
the 5-day training (Fig. 2b), rats treated with vehicle also displayed an improved wheel skill
(x2=14.1, p<0.01). Moreover, the post hoc analysis showed that these rats reached maximal
skill performance already on post-day 1 (p<0.05), whereas vehicle-treated animals that trained
for only 2 days continued to improve after the first post-test (Fig. 2a). In contrast, rats that
trained under the influence of cocaine for 5 days again failed to show a significantly improved
wheel skill after the training (x2=9.0, p=0.061), but displayed a clear tendency for improvement
(Fig. 2b).

Considering the importance of practicing (running) for skill learning (see above), we assessed
and compared the total number of wheel revolutions during the training between the vehicle-
and cocaine-treated groups. Mann-Whitney U tests showed that cocaine-treated animals tended
to run more than vehicle-treated animals during both the 2-day (Z=2.62, p<0.01; Fig. 2c) and
the 5-day training (Z=1.72, p=0.085; Fig. 2d). Thus, cocaine appeared to attenuate wheel-skill
learning despite enhancing the amount of running (practice) during the training.

Effects of systemic blockade of D1 receptors during the training on wheel-skill learning

Experiment 3 investigated the effects of systemic D1 receptor antagonism, with and without
cocaine, on wheel-skill learning (2-day training) (Fig. 3). The D1 receptor antagonist
SCH-23390 (0, 3, 10 pg/kg) and cocaine were administered before each training session, and
the wheel skill was evaluated on days 1, 6, 18 and 26 after the training. For averaged post-
training test scores, statistical analysis revealed no significant overall effects of cocaine
(p>0.05, Mann-Whitney U test) or SCH-23390 (p>0.05, Kruskal-Wallis test; data not shown).
However, statistical analysis of test scores over time in individual groups showed that training
effects varied depending on the drug treatment. Thus, vehicle only-treated rats (SCHO)
displayed a highly significant training effect (x2=19.3, p<0.001), with an improved wheel skill
present at all time points up to 26 days after the training (p<0.05) (Fig. 3a). On the other hand,
rats that received cocaine alone before each training session (SCHO+cocaine) only showed a
marginal training effect (x2=10.3, p<0.05), with wheel-skill improvement present until day 6
after the training (p<0.05).

The effects of SCH-23390 were dose-dependent and, when administered in conjunction with
cocaine, biphasic. Given alone the D1 receptor antagonist attenuated wheel-skill learning.

Thus, no significant effect of the training on skill performance was found in rats that received
3 ug/kg (SCH3; ¥2=9.3, p=0.054; Fig. 3b) or 10 pg/kg of SCH-23390 (SCH10; 2=3.8, p>0.05;
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Fig. 3c) before each training session, although the group receiving the lower dose did show a
trend for improvement (Fig. 3b). In contrast, animals treated with the lower dose of SCH-23390
(3 ng/kg) plus cocaine (SCH3+cocaine) displayed a highly significant training effect on wheel-
skill performance (x2=20.8, p<0.001), with an improved skill that was stable throughout the
post-training period (post-days 1-26, p<0.05; Fig. 3b). Conversely, rats treated with the higher
dose (10 pg/kg) plus cocaine (SCH10+cocaine) showed a significant training effect (x2=13.9,
p<0.01), but this effect did not last. While these rats did improve to a similar degree on days
1 and 6 after the training (p<0.05), they then lost their improved skill over time (post-days 18
and 26, p>0.05; Fig. 3c). Thus, when given with the lower dose of SCH-23390, cocaine
improved both early (post-days 1-6) and late long-term skill memory (post-days 18-26),
whereas when given with the higher dose of SCH-23390, this psychostimulant treatment only
reversed the inhibition of early, but not late, long-term memory formation (Figs. 3b, c).
Together, these results suggest that motor-skill learning is dependent on optimal D1 receptor
stimulation. Moreover, D1 receptors appear to be critical for enduring long-term skill-memory
consolidation/retrieval.

The number of wheel revolutions during the training was monitored to assess possible effects
of the D1 receptor antagonist on running activity. No significant differences between
SCH-23390- and vehicle-treated groups were found [SCHO vs. SCH3 vs. SCH10, 66.3+£15.3
(mean+SEM) vs. 112.0+£34.8 vs. 100.1+£39.3; p>0.05; SCHO+cocaine vs. SCH3+cocaine vs.
SCH10+cocaine, 581.7+86.1 vs. 621.8+100.2 vs. 442.4+82.8; p>0.05]. Furthermore,
administration of the D1 antagonist did not change the distribution of running activity within
the training sessions (data not shown).

Blockade of D1 receptors in the striatum is sufficient to inhibit skill-memory formation

In experiment 4, we investigated whether D1 receptor stimulation in the striatum is necessary
for wheel-skill learning (2-day training) (Fig. 4). The D1 receptor antagonist SCH-23390 (0,
0.3 and 1 pg) was infused into the dorsolateral striatum (Fig. 4d) in conjunction with systemic
cocaine administration. SCH-23390 had dose-dependent effects on wheel-skill learning.
Statistical analysis of the averaged post-training test scores revealed a significant effect of the
D1 receptor antagonist treatment (H=12.0, p<0.01, Kruskal-Wallis test) (Fig. 4e). Thus, both
rats infused with the lower dose (S0.3+cocaine; Z=2.0, p<0.05, Mann-Whitney U test) and the
higher dose of SCH-23390 (S1+cocaine; Z=3.1, p<0.01) showed more performance errors after
the training than the controls that received a saline infusion into the striatum (SO+cocaine). S1
+cocaine animals also displayed more errors than S0.3+cocaine animals (Z=2.2, p<0.05).
Statistical analysis of the test scores over time revealed that the saline controls displayed a
significant training effect (x2=12.0, p<0.01), with reduced error scores present on days 1, 13
and 27 after the training (p<0.05) (Fig. 4a). In contrast, the group that received the lower dose
of SCH-23390 (0.3 pg) showed only a trend for improved skill performance (x2=7.1, p=0.070),
with near-normal improvement on post-day 1 (Fig. 4b). The higher dose of SCH-23390 (1
ug) completely prevented this motor learning (x2=4.2, p>0.1; Fig. 4c). Again, no effect of the
D1 receptor antagonist on the amount of running during the training was observed (p>0.05;
Fig. 4f).

Discussion

In the present study, we developed and validated a novel test to measure striatum-based
procedural learning in a running-wheel skill-learning paradigm. We also investigated the
effects of cocaine and D1 receptor antagonism on this form of motor learning. Our findings
indicate that both decreasing dopamine tone at the D1 receptor (by the D1 receptor antagonist
SCH-23390) and abnormally increasing dopamine tone (by the indirect dopamine receptor
agonist cocaine) during the training impaired wheel-skill learning. Combining a low dose of
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the D1 receptor antagonist with cocaine restored skill learning. These findings suggest that
optimal D1 receptor stimulation is necessary for this motor-skill learning. Moreover, our results
with intrastriatal D1 receptor antagonism indicate that D1 receptors in the striatum are critical
for long-term skill-memory consolidation.

Procedural learning in a novel running-wheel paradigm

In our previous (Willuhn et al., 2003; Willuhn and Steiner, 2005; Willuhn and Steiner, 2006)
and present studies, we have used a novel running-wheel paradigm to investigate the neuronal
mechanisms of procedural learning. In this paradigm, rats learn to perform a motor skill while
running on a wheel. Our findings show that in the beginning of the training rats are not able to
run on the wheel without causing the wheel to swing (Willuhn and Steiner, 2006). During
continued training, they learn to control the wheel by adjusting their movements in order to
stabilize the wheel and avoid swinging (wheel skill). As is typical for motor-skill learning (cf.
Costa et al., 2004), rats learn fast within and between the first training sessions (Willuhn and
Steiner, 2006; present results).

In this task, wheel swings serve as a measure of performance error for the assessment of skill
learning. In our previous study (Willuhn and Steiner, 2006), we counted wheel swings during
the training sessions to determine learning. However, because the number of swings during
the training is directly related to the amount of running, differences in overall activity levels
between experimental groups (for example, as a result of a drug treatment; Willuhn and Steiner,
2006) complicate interpretation of differences in such swing counts. In the present study, we
therefore developed a wheel-skill test that is administered before and after the training, thus
allowing assessment of skill learning independent of the training situation. As a further
advantage, this test can be performed repeatedly after the training to determine the duration of
this motor memory. Our results obtained with this test demonstrate that, as expected, wheel-
skill learning is dependent on factors such as the amount of running (practicing) during the
training and the training duration (number of sessions). These tests also showed that this wheel-
skill memory lasted for at least 4 weeks after the training (long-term memory).

Studying motor-skill learning in this running-wheel paradigm has a number of advantages over
other learning paradigms used to investigate processes of procedural learning. For example, in
contrast to other learning paradigms, wheel-skill learning is not dependent on motivational
manipulations such as food deprivation (e.g., used for instrumental learning), electric shocks
(e.g., inavoidance learning), or forced locomotion (e.g., skill learning on rotarod), because rats
voluntarily run on wheels (Sherwin, 1998). Also, our results demonstrate that, unlike in many
other procedural learning paradigms, long training periods are not necessary for robust motor
memory formation; even a short training (one to two daily sessions) was sufficient to produce
stable long-term memory. Finally, the separation of training and testing permits the assessment
of drug effects on learning in a drug-free state, thus avoiding confounds by drug effects on the
tested motor response. In summary, our findings demonstrate that this running-wheel paradigm
is an efficient and simple tool to investigate procedural learning and memory formation.

Neuronal correlates of procedural learning in the striatum

Previous work implicated the sensorimotor striatum in several forms of procedural learning
(White, 1989; Packard and Knowlton, 2002; Yin and Knowlton, 2006). For example, early
studies demonstrated a role of the striatum in the acquisition of avoidance learning (e.g.,
Winocur and Mills, 1969; Neill and Grossman, 1970). More recently, lesions or inactivation
of the striatum were shown to disrupt habit/S-R learning in maze, lever-pressing, and
discrimination tasks (e.g., Packard and McGaugh, 1992; Packard and McGaugh, 1996; Yin et
al., 2004; Featherstone and McDonald, 2005). Conversely, other studies found that neuronal
activity patterns in corticostriatal circuits are modified during the acquisition of a procedural

Neuroscience. Author manuscript; available in PMC 2008 October 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Willuhn and Steiner

Page 8

T-maze task (Jog et al., 1999; Barnes et al., 2005), conditional visuomotor learning (Brasted
and Wise, 2004), or head movement habit formation (Tang et al., 2007).

Motor-skill learning is another form of procedural learning (Squire, 1987) that is also mediated
by the striatum (Packard and Knowlton, 2002). In skill learning the animal learns to produce
a skilled motor response in order to achieve a specific outcome, and this response eventually
reaches automaticity (Poldrack et al., 2005). This process is associated with neuronal changes
in the striatum (e.g., Lehericy et al., 2005; Poldrack et al., 2005). For example, a recent study
showed changes in striatal ensemble activity during motor-skill learning on a rotarod (Costa
etal., 2004). Moreover, we and others have found molecular changes in the striatum associated
with skill learning in two different running-wheel paradigms. Kitsukawa and colleagues
(Kitsukawa et al., 2002) reported enhanced c-fos induction in striatal neurons related in time
to the acquisition of new stepping patterns on a running wheel. Our previous work demonstrated
that learning of the wheel skill described above is associated with changes in the expression
of several genes in the sensorimotor striatum (Willuhn et al., 2003; Willuhn and Steiner,
2005; Willuhn and Steiner, 2006). Thus, the inducibility of c-fos, homer 1a and substance P
in striatal projection neurons was enhanced for at least 24 h after running-wheel training
sessions. Importantly, these molecular changes were limited to the first few sessions (peak after
a 2-day training) and were no longer present after extended wheel training (8-day training;
Willuhn and Steiner, 2006), suggesting that this effect was a correlate of the learning process.
Moreover, while these skill learning-associated changes in gene expression were modest when
rats trained after a vehicle injection (Willuhn and Steiner, 2005), they were very robust when
the wheel training occurred under the influence of cocaine (Willuhn et al., 2003; Willuhn and
Steiner, 2005; Willuhn and Steiner, 2006). This latter finding indicated that learning-associated
gene regulation was abnormally induced or magnified by the action of this psychostimulant.
The present studies further investigated the mechanisms underlying such skill learning.

Effects of cocaine on procedural learning in the running wheel

Considering the effects of cocaine on molecular correlates of wheel-skill learning (see above),
we investigated whether this psychostimulant modified skill learning in the present task. Our
findings indicate that this is the case. Skill learning tended to be impaired when rats received
an injection of cocaine immediately before each training session. While this effect was not
very pronounced (and did not reach statistical significance in the direct comparisons), the
performance of cocaine-treated animals was consistently inferior to that of vehicle-treated
controls, with both 2-day and 5-day training regimens. This cocaine-induced impairment was
seen despite the fact that cocaine-treated rats ran more (and thus practiced more) during the
training than vehicle-treated rats.

At first glance, this finding is in apparent contrast with our previous findings that showed
facilitated wheel-skill learning during training under the influence of cocaine (Willuhn and
Steiner, 2006). However, these two studies differed in important aspects. For example, in the
previous study, performance errors (swing counts) were measured during the training sessions
(i.e., during running), whereas in the present study, skill performance was assessed at different
time points after the training in a controlled test setting. Thus, the outcome measure likely
assessed different processes, that is, in the previous study, a combination of working/short-
term memory and long-term memory, whereas in the present study, only long-term memory
(days to weeks after the training). These findings may thus indicate that cocaine exerts
differential effects on these different stages of wheel-skill memory formation, a possibility that
needs to be clarified in future studies.

It could also be argued that these differences may reflect state-dependency of wheel-skill
memory. In both the previous and the present study, animals learned the wheel skill under the
influence of cocaine. In contrast to the previous study, the present study assessed recall of skill
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memory in the drug-free state. There is evidence indicating that recall of memory in a different
state can be compromised (e.g., Overton, 1991). Such an effect may have contributed to the
tendency for impaired test performance in animals trained but not tested under the influence
of cocaine in the present study. However, the time-dependent and biphasic effects of cocaine
plus SCH-23390 on skill performance (see below) would appear to argue against state-
dependency as a simple explanation for the observed effects of cocaine (and/or SCH-23390).
In summary, it is currently unclear whether the findings of our two studies reflect differential
effects of cocaine on different skill-memory processes, or were due to differences in the
experimental approach.

The present (and previous) behavioral findings were obtained with a relatively high dose of
cocaine (25 mg/kg), chosen because this dose produced abnormal gene regulation in our
previous molecular studies (see above). In order to fully characterize cocaine effects on wheel-
skill learning, the dose-response relationship for a range of cocaine doses will have to be
established. It can be speculated that, at a higher dose, cocaine may have more detrimental
effects (Quirk et al., 2001); conversely, in the light of the results produced by the D1 receptor
blocker (see below), a lower dose of cocaine may have facilitatory rather than attenuating
effects also with the present approach. Regardless, our findings indicate that cocaine,
presumably by producing excessive stimulation of dopamine (and other) receptors (Ritz et al.,
1990), interferes with normal motor-skill learning.

Role of striatal dopamine receptors in wheel-skill learning

Our previous studies revealed effects of cocaine on skill learning-associated gene regulation
in the striatum (see above). Such cocaine-induced gene regulation is mediated by dopamine
receptors in interaction with other neurotransmitter systems (e.g., glutamate; Hyman et al.,
1996; Wang and McGinty, 1996). While D2-type dopamine receptors play a modulatory role
(e.g., Gerfen et al., 1995; Zhang et al., 2004), the D1 receptor is critical for psychostimulant-
induced gene regulation; these effects are prevented by targeted elimination the D1 receptor
(Drago et al., 1996; Moratalla et al., 1996; Zhang et al., 2004), or by the selective D1 receptor
antagonist SCH-23390 (e.g., Graybiel et al., 1990; Young et al., 1991; Steiner and Gerfen,
1995).

To assess the role of D1 receptors in wheel-skill learning, we first investigated the effects of
systemic D1 receptor antagonism. Injection of SCH-23390 alone before each training session
(in doses that did not inhibit running) attenuated wheel-skill learning in a dose-dependent
manner. However, when given in conjunction with cocaine, SCH-23390 had biphasic effects
on wheel-skill learning and these effects were time-dependent. The lower dose (3 pg/kg) given
with cocaine tended to improve skill performance over cocaine-only or SCH-23390-only
controls, especially at late time points (days 18—26 after the training). In contrast, rats that were
treated with the higher dose of SCH-23390 (10 ug/kg) plus cocaine showed significant skill
improvement 1-6 days after the training (i.e., an improvement over rats treated with 10 ug/kg
SCH-23390 only), but this motor memory did not last. By post-training day 18 this motor skill
was lost. Together, these results demonstrate a critical role for dopamine and D1 receptors in
this type of skill learning. Moreover, our results suggest that, similar to the well-known D1
receptor regulation of working memory in the prefrontal cortex (e.g., Goldman-Rakic et al.,
2000; Seamans and Yang, 2004), motor-skill learning requires optimal stimulation of D1
receptors.

The above drugs were given systemically, thus disallowing conclusions regarding the location
of the relevant D1 receptors. We further assessed the role of striatal D1 receptors by intrastriatal
administration of the D1 receptor blocker (in conjunction with cocaine). SCH-23390 was

infused into parts of the sensorimotor striatum that displayed robust skill learning-associated
changes in gene regulation in our previous studies (see above). Intrastriatal infusion of the D1
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receptor antagonist also produced dose-dependent attenuation of wheel-skill learning, which
overall showed a similar pattern as systemic D1 receptor antagonism. Rats treated with the
lower dose (0.3 ug) plus cocaine displayed a tendency for skill learning. The higher dose (1
ug) completely blocked wheel-skill learning. These findings indicate that D1 receptors in the
striatum are critical for the acquisition of this wheel skill (although at higher SCH-23390 doses
other receptors may also have been affected; Bourne, 2001). Our most recent studies (Willuhn
and Steiner, in preparation) show that such striatal D1 receptor antagonism during the training
also prevented the previously discovered learning-associated changes in gene regulation (see
above). Together, our findings indicate that striatal D1 receptors mediate molecular changes
in the striatum that underlie wheel-skill memory consolidation (see Willuhn and Steiner,
2006, for further discussion).

Overall, our findings are consistent with previous studies showing effects of dopamine receptor
stimulation on mechanisms of procedural learning in the striatum (Beninger and Miller,
1998). For example, partial striatal dopamine depletion by 6-OHDA was associated with
impaired acquisition of skilled behavior in a rotarod test (Ogura et al., 2005). Moreover,
systemic administration of cocaine enhanced avoidance learning (Introini-Collison and
McGaugh, 1989; Janak et al., 1992), whereas post-trial intrastriatal infusion of dopamine
receptor agonists facilitated memory formation in procedural maze tasks (Packard and White,
1991; Packard et al., 1994). Regarding the specific dopamine receptor subtypes involved,
evidence indicates that both D1- and D2-type receptors participate, although D1 receptors
appear to play a more prominent role in striatum-based learning (Packard and White, 1991;
Packard et al., 1994; Kabai et al., 2004; Dalley et al., 2005; Domenger and Schwarting,
2006; see Beninger and Miller, 1998, for review). Blocking D1 receptors with SCH-23390 has
been shown to disrupt, for example, avoidance learning (Hale and Crowe, 2003; Kabai et al.,
2004) and habit/S-R learning in a conditioned approach paradigm (Eyny and Horvitz, 2003).
Our present findings demonstrate that D1 receptors in the striatum are also critically important
for motor-skill learning.

Differential roles for D1 receptors in early vs. late long-term memory consolidation

An important finding of the present study is the dissociation of early- (1-6 days) vs. late-stage
(>18 days) long-term skill memory with respect to their D1 receptor dependence. Short-term
memory is thought to last ~3-6 h (Izquierdo et al., 2006); memory 1-6 days after the training
is thus considered early long-term memory. Our results indicate that the formation of early-
and late-stage (18-26 days) long-term memory is mediated by differential processes. Late-
stage, but not the early, wheel-skill memory was attenuated when animals were treated with a
high enough dose of SCH-23390 (10 pg/kg) before the training, irrespective of whether they
also received cocaine. In contrast, while such D1 receptor antagonism alone (SCH-23390 only)
also attenuated early wheel-skill memory (1-6 days), this effect was reversed by co-
administration of cocaine. Thus, these rats demonstrated apparently normal wheel-skill
improvement on post-training days 1-6, but then lost their wheel skill by day 18 after the
training. A similar effect was seen with intrastriatal administration of 0.3 ug of SCH-23390.
These findings indicate that while consolidation of late-stage long-term skill memory is
critically dependent on striatal D1 receptor signaling, early long-term skill memory formation
is less so. It is presently unclear whether increased dopamine tone at D1 (or other) dopamine
receptors or other neurochemical effects of cocaine mediated this rescue of early long-term
memory by cocaine. However, these findings demonstrate that apparently intact early long-
term memory formation is not sufficient to guarantee normal consolidation of late long-term
memory for this motor skill, if D1 receptor signaling is impaired during the training. Future
studies will have to elucidate the differential mechanisms that mediate early- vs. late-stage
long-term skill memory formation.
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Motor-skill learning on the running wheel. a Video stills depict a rat during the wheel-skill
test. To start, the wheel with the rat is rotated by 90 degrees (left) and released. The number
of interruptions of a line marked on the video monitor (small arrow) by the rat’s body minus
tail (middle) is counted until the rat fails to interrupt for 3 sec (right) (see Methods). During
the running-wheel training, the rat learns to control/balance the wheel in order to reduce such
swinging. These swings (interruptions) serve as an index of performance error. b The number
(mean£SEM) of swings (errors) committed during the wheel-skill test before (pre) and 1 and
6 days after (post) a 2-day wheel training (60-min sessions, arrow), expressed as percentage
of mean pre-test values, are shown for rats trained on a running wheel or on a locked wheel.
The p values for the overall training effect (Friedman test) are also shown. * p<0.05, vs. pre
(Wilcoxon test). ¢ Scatter plots depict, for individual animals, the relationship between the total
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number of wheel revolutions during a 2-day training and the number of performance errors

committed during skill tests 1 and 6 days after this training (expressed as percentage of pre-
test values). ** p<0.01; * p<0.05.
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Effects of training duration and cocaine on motor-skill learning. a, b The number (mean+SEM)
of errors (in percent of pre-test values) before (pre) and 1, 6, 18 and 26 days after (post) a 2-
day (a) or 5-day (b) training (60-min sessions) are given for rats that received an injection of
vehicle (left) or cocaine (25 mg/kg) (right) before each training session. ¢, d The total number
(mean+SEM) of wheel revolutions during the 2-day (c) or 5-day training (d) is given for vehicle
(veh)- and cocaine (coc)-treated groups. ** p<0.01, * p<0.05, vs. pre or vehicle.
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Effects of systemic D1 receptor blockade during running-wheel training on motor-skill
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learning. a, b, ¢ The number (mean+SEM) of performance errors (in percent of pre-test values)
before (pre) and 1, 6, 18 and 26 days after (post) a 2-day running-wheel training (40-min

sessions) are given for groups of rats that received an injection of (a) vehicle (SCHO0), (b) 3
ya/kg (SCH3), or (c) 10 yg/kg (SCH10) of the D1 receptor antagonist SCH-23390, either alone

(left) or followed by an injection of cocaine (25 mg/kg) (right), before each training session.

** p<0.01, * p<0.05, vs. pre.

Neuroscience. Author manuscript; available in PMC 2008 October 22.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Willuhn and Steiner Page 19

Q

1507 p<0.01
O 125
o
%5 1001
X 754
£ 50-
o
=
m 25_
SCHO (is)
+ cocaine
D 150, p=0070) € 150-
g 125 g 1254
S 100 qt) 100 ~
X 751 % 751
‘J; o
£ 50 Q 50+
) >
- ®
o 251 25
0 : =
SCHO0.3 (is) )
+ cocaine + cocaine
C 150 (p>0.1) f 800 -
— %)
O 1251 = % %
o 2 6001 %
%5 100+ 2
L 751 3 400-
m -1
£ 50- o
o O 200
o 25- §
: 0
SCH1 (is) SO0 S0.3 St
+ cocaine + cocaine
[] pre training
[0 post-day 1

B post-day 13
B post-day 27

Fig. 4.

Effects of D1 receptor blockade in the striatum on motor-skill learning. a, b, ¢ The number
(mean+SEM) of performance errors (in percent of pre-test values) before (pre) and 1, 13 and
27 days after (post) a 2-day training (40-min sessions) are shown for groups of rats that received
an intrastriatal (is) infusion of (a) vehicle (SCHO), (b) 0.3 yg (SCHO0.3), or (c) 1 yg (SCH1) of
SCH-23390 followed by an injection of cocaine (25 mg/kg), before each training session. d
Photomicrograph of a Nissl-stained coronal section shows the track produced by the dummy
cannula (see Methods). Arrows indicate the approximate position of the tip of the chronically
implanted guide cannula (GC) and of the infusion cannula (IC). e The number (mean+SEM)
of averaged post-training performance errors is given for the groups that received an
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intrastriatal infusion of vehicle (S0), 0.3 yg (S0.3), or 1 yg (S1) of SCH-23390 followed by

the cocaine injection. f The total number (mean+SEM) of wheel revolutions during the 2-day
training is shown for the above treatment groups. ** p<0.01; * p<0.05., vs. pre or SO.
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