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Abstract
The sensorimotor striatum is important for procedural learning, including skill learning. Our previous
findings indicate that this part of the striatum mediates the acquisition of a motor skill in a running-
wheel task and that this skill learning is dependent on striatal D1 dopamine receptors. Here, we
investigated whether the sensorimotor striatum is also involved in the consolidation of this skill
memory and whether this consolidation is modified by the indirect dopamine receptor agonist
cocaine. Rats were trained on a running wheel for two days (40 min/day) to learn a new motor skill,
that is, the ability to control the movement of the wheel. Before each training session, the animals
received an injection of vehicle or cocaine (25 mg/kg; i.p.). Immediately following the training
session, an intrastriatal infusion of 2% lidocaine (1 μl) or a sham infusion were administered. Wheel-
skill performance was tested before and repeatedly after the training. Our results show that post-trial
intrastriatal infusion of lidocaine disrupted late-stage long-term skill memory (post-training days
6-26), but spared early long-term memory (1 day after the training). Skill consolidation was more
susceptible to such disruption in animals that practiced less during the training. Cocaine given pre-
trial prevented this post-trial disruption of skill consolidation. These findings indicate that the
sensorimotor striatum is critical for consolidation of late but not early long-term skill memory.
Furthermore, cocaine appeared to stabilize motor memory formation by protecting consolidation
processes after the training.
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1. Introduction
The sensorimotor striatum is implicated in various forms of procedural learning (e.g., [25]).
Best established perhaps is a role for the striatum in instrumental learning, as demonstrated in
maze and lever-press tasks (e.g., [11,16,26,47]). However, evidence indicates that motor-skill
learning, another form of procedural learning [38], is also dependent on normal function of the
sensorimotor striatum [25]. For example, moderate loss of dopamine [1,24] or deletion of
NMDA receptors [7] in the striatum impaired skill learning in a rotarod task. Also, our previous
findings show that blockade of striatal D1 dopamine receptors during training prevents
acquisition of a motor skill in a running-wheel paradigm [45].
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Motor-skill learning is an attractive model for procedural learning because it offers various
advantages over other models, including relatively fast acquisition of a learned motor response
within a few training sessions and stable long-term memory that can last for weeks to months
[19]. Such advantages facilitate investigation of the cellular mechanisms underlying procedural
learning.

Similar to declarative memory, a critical step in the formation of long-term procedural memory
is the consolidation of the memory trace, which involves neuronal processing after the training
(“off-line” processing) (for reviews, see [18,34]). This memory stabilization converts the
memory from a labile state that can easily be disrupted by various manipulations to a more
stabile state that is resistant to interference [18,34]. Human and animal studies demonstrated
that such memory stabilization is also necessary for the formation of enduring motor skills
(e.g., [5,20,36]). Little is known regarding the neuronal substrates of motor-skill consolidation
[37]. For example, a recent study reported critical involvement of the motor cortex in the
consolidation of a reaching skill [20]. The motor cortex is a major source of inputs to the
sensorimotor striatum (cf. [46]), and simultaneous changes in activity patterns have been found
in both brain regions during motor-skill acquisition [6,32,41]. However, it is currently unknown
whether the sensorimotor striatum also participates in the consolidation (off-line processing)
of motor-skill memories.

We investigated the role of the sensorimotor striatum in consolidation of wheel-skill memory.
Moreover, given the role of dopamine in skill learning (see above) and the finding that the
indirect dopamine receptor agonist cocaine modified acquisition of motor-skill memory [45],
we also assessed possible effects of cocaine on consolidation of this skill memory. Our findings
show that post-trial interference with striatal function disrupted motor-skill memory
consolidation. Administration of cocaine before the training prevented this disruption of skill-
memory formation.

2. Materials and methods
2.1. Subjects

Male Sprague-Dawley rats (220-250 g; Harlan, Madison, WI) were individually housed under
standard laboratory conditions (12:12 h light/dark cycle, lights on at 0700 h) with food and
water available ad libitum. The experiments were performed 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.

2.2. Implantation of guide cannulas
Rats were anesthetized with ketamine/xylazine (60/20 mg/kg) and given a dose of the analgesic
banamine (1.5 mg/kg, s.c.). Guide cannulas (26 gauge; Plastics One, Roanoke, VA), occluded
by “dummy cannulas” of equal length, were implanted into the dorsal striatum bilaterally (A,
-0.1 mm; L, +/-3.0 mm; V, -4.0 mm [29]), aiming at the striatal region that showed wheel
learning-associated changes in gene regulation [44]. 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 guide cannula, to reduce the probability of acute damage caused by the infusion cannula
(33 gauge, 1 mm longer than the guide cannula) [39]. The infusion site in the striatum was
confirmed in Nisslstained coronal sections after completion of the experiments.

2.3. Running-wheel training and drug administration
Rats were trained on a running wheel on two consecutive days (40 min/day) (see [45], for
details). The running wheels (Wahmann Company, Baltimore, MD) consisted of a rotating
metal chamber with a wire mesh floor (diameter, 35 cm; width, 11 cm), attached to a stationary
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metal wall with an access opening that could be closed. A mechanical counter recorded full
wheel revolutions. Training and testing were conducted in the same room. In order to minimize
the effects of surrounding noise, constant “white noise” was provided during both training and
testing sessions.

Before each training session (pre-trial), rats received an injection of vehicle (experiment 1) or
cocaine (cocaine hydrochloride; Sigma, St. Louis, MO; 25 mg/kg, in 0.02% ascorbic acid, 1
ml/kg, i.p.) (experiment 2). Immediately after each training session (post-trial), the animals
received bilateral intrastriatal infusions of lidocaine (Sigma; 2%, in saline, pH 7.4; 1 μl each
side; 0.2 μl/min) [17,27] or a sham infusion (insertion of infusion cannulas without infusion)
(n=8-9 each). After the infusion, the cannulas were left in place for 3 min to allow for diffusion
of the drug.

2.4. Wheel-skill testing
In the beginning of the running-wheel training, rats learn to control/balance the wheel in order
to run at the bottom of the wheel and avoid swinging (wheel skill) [44]. The wheel-skill test
assesses this skill by measuring the rat’s ability to stop the wheel from swinging [45]. To start
the test, the wheel with the rat is gently rotated by 90 degrees (rat’s head up; see [45]). Upon
release, the wheel swings back and forth until the rat stops the swinging by counterbalancing.
Behavior on the wheel is videotaped for analysis. Wheel-skill performance is measured by
counting the number of interruptions by the rat’s body (minus tail) of a horizontal plane at one
third of the wheel diameter above the wheel bottom (marked on the video monitor), until the
animal fails to interrupt for 3 sec.

The skill performance was tested on the day before the first training session (“pre”) and 1, 6,
18, and 26 days after the last training session (“post”). One day before the pre-test, the animal
was habituated to testing apparatus/room by placing it on a locked wheel for 1 h. On test days,
the rat was again first placed inside the locked wheel for a 2-min habituation period. Then, two
test trials were performed (inter-trial interval, 1 min), and the two scores were averaged for a
measure of performance error. The treatment groups were balanced with respect to pre-test
scores.

2.5. Statistical analysis
Training effects over time within a group were determined by nonparametric analysis of
variance (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).
Between-group comparisons were performed with Mann-Whitney U tests. In order to facilitate
comparisons between experiments, the test scores are expressed as percentage of mean pre-
test scores.

3. Results
3.1. Post-trial lidocaine infusion into the striatum disrupts wheel-skill consolidation

The effects of post-trial intrastriatal infusions of lidocaine or sham infusions on wheel-skill
performance were assessed 1, 6, 18 and 26 days after the training (Fig. 1). Statistical analysis
of the test scores over time in individual groups revealed that rats that received post-trial sham
infusions significantly improved in their wheel-skill performance (p<0.001, Friedman test).
Post hoc tests comparing post- with pre-training scores showed that these rats committed
significantly fewer performance errors at all time points after the training (p<0.05, Wilcoxon
test) (Fig. 1A). In contrast, animals that received post-trial infusions of lidocaine into the
striatum displayed no significant overall training effect (p>0.05). However, they did show a
tendency for an improved skill performance (p=0.080) (Fig. 1A), which was mainly due to the
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performance on post-day 1 when they displayed fewer errors (p<0.01, vs. pre-test), comparable
to the sham controls (Figs. 1, 2). Thus, in lidocaine-treated animals, enhanced skill performance
did not endure past post-day 1. To compare skill stability over time between the two treatment
groups, we used an error index (averaged errors on days 6-26 divided by errors on day 1).
Results revealed a significantly higher error index in lidocaine-treated animals compared with
sham-treated controls (p<0.01, Mann-Whitney U test) (Fig. 1B), indicating decreasing skill
stability over time after lidocaine infusion. There was no significant difference in the total
number of wheel revolutions during the training between the two groups (p>0.05) (Fig. 1C),
indicating that they did not differ in the amount of practicing.

Further analysis showed that there was an inverse relationship between the amount of practicing
(running) during the training and the effects of post-trial interference by lidocaine infusion.
This interference was more effective in animals that ran less during the training (Fig. 2). This
effect emerged over time and was most robust on post-training day 26. On that day, the
lidocaine-treated group showed significantly more performance errors than the sham controls
(p<0.05). However, this difference was predominantly produced by animals whose number of
wheel revolutions during the training was in the lower range of revolutions and not by animals
that practiced more (Fig. 2). Thus, the mean error score for lidocaine-treated rats that ran less
than 250 revolutions was approximately twice as high as that in controls (p<0.05; Fig. 2).

3.2. Cocaine prevents disruption of wheel-skill consolidation by post-trial interference in the
striatum

We also investigated whether cocaine administered immediately before each training session
altered the effects of post-trial interference on wheel-skill consolidation (Fig. 3). Statistical
analysis revealed that the controls that received pre-trial cocaine injections and post-trial sham
infusions improved significantly in their skill performance (p<0.001) (Fig. 3A); they
committed significantly fewer performance errors up to 26 days after training (p<0.05). A
similar effect was found with post-trial lidocaine treatment. Thus, animals that received pre-
trial cocaine plus post-trial intrastriatal infusions of lidocaine displayed significant skill
improvement after the training (p<0.01) and retained this skill for at least 4 weeks (p<0.05)
(Fig. 3A). In contrast to the vehicle-treated groups (experiment 1; Fig. 1B), these two cocaine-
treated groups did not differ in the error index (skill stability over time) (p>0.05) (Fig. 3B).
Moreover, the group that received pre-trial cocaine plus post-trial lidocaine showed a
significantly lower error index than the vehicle plus lidocaine-treated group (p<0.05). Similar
to the 2 vehicle-treated groups, the 2 cocaine-treated groups did not differ in the number of
wheel revolutions performed during the training (p>0.05) (Fig. 3C).

4. Discussion
We investigated the role of the sensorimotor striatum in skill-memory consolidation in a
running-wheel paradigm. Our results show that post-trial interference with neuronal activity
by intrastriatal infusion of lidocaine following the training session disrupted consolidation of
late-stage (post-training days 6-26), but not early (post-day 1), long-term skill memory.
Cocaine administered before the training session prevented this post-trial disruption of skill-
memory consolidation. These results indicate that the sensorimotor striatum plays a critical
role in the consolidation of long-term motor-skill memory. Furthermore, our findings suggest
that cocaine stabilizes motor-memory formation.

4.1. Post-trial infusion of lidocaine into the striatum disrupts skill-memory consolidation
We have previously shown that formation of stable motor-skill memory in the running-wheel
paradigm is dependent on normal function of the sensorimotor striatum, as blockade of striatal
D1 receptors attenuated this skill learning [45]. However, in that study, the acquisition of this
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motor skill was prevented by intrastriatal infusion of a D1 receptor antagonist before the
training sessions (pre-trial). In order to determine whether the striatum is also involved in the
consolidation of this skill, we here employed transient interference with striatal function
immediately after the training (post-trial), by intrastriatal lidocaine infusions. These infusions
targeted parts of the dorsal striatum that displayed wheel-skill learning-associated molecular
changes as described in our previous studies [44,46]. Our findings demonstrate that these post-
trial infusions disrupted skill-memory consolidation. Moreover, consolidation was more
susceptible to interference in animals that practiced less during the training.

Lidocaine infusions have been found before to interfere with memory consolidation. For
example, similar lidocaine doses as used here blocked procedural-memory formation in maze
and avoidance tasks when infused into the dorsal striatum (e.g., [17,27,33]). Based on previous
findings [21,35,40], the effective spread of the present lidocaine dose was estimated to be less
than a millimeter, and was thus most likely limited to sensorimotor parts of the dorsal striatum.
Our findings show that these infusions impaired long-term skill stability. These animals
displayed normal skill learning one day after the training, but lost their improved wheel skill
by day 6 after the training (see below).

Regarding the neuronal mechanisms affected, a caveat of lidocaine inactivation is the
possibility of effects on fibers of passage, in addition to activity-dependent processes in neurons
at the infusion site. While the relative contributions of striatal processes vs. passing fibers to
the present lidocaine interference remain undecided, it should be noted that our previous study
with intrastriatal dopamine receptor antagonism demonstrated similar effects on skill-memory
formation. Thus, infusion of the D1 receptor antagonist SCH-23390 into the same striatal
regions before the training sessions also attenuated wheel-skill learning [45]. Moreover, this
D1 receptor effect had similar temporal characteristics, as late long-term memory was
preferentially attenuated [45]. These findings demonstrate a role for D1 receptor-mediated
striatal processes in long-term skill-memory formation.

Our present results demonstrate that post-trial interference in the striatum readily interrupted
motor-skill memory consolidation, suggesting a critical role for striatal processing after the
training session for such long-term memory. These findings are consistent with previous
studies showing that normal function of the striatum is necessary for consolidation of other
forms of learning. For example, post-training inactivation of the dorsal striatum or disruption
of striatal glutamate signaling blocked consolidation of fear memory [28,33] or spatial and
non-spatial memories in a water-maze task [9,28]. The present study is the first, to our
knowledge, to indicate that the functional integrity of the sensorimotor striatum is critical for
the consolidation of motor-skill memory.

4.2. Late-stage, but not early, long-term skill memory is disrupted by post-trial interference
with striatal function

One of the most important findings of the present study is that post-trial intrastriatal interference
affected the consolidation of late-stage (days 6-26) long-term skill memory, but had no effect
on skill improvement one day after the training (which reflects early-stage long-term memory;
e.g., [14]). Thus, these rats displayed near-normal skill-test performance on post-day 1, but
subsequently lost this skill. A similar dissociation in the mechanisms supporting early vs. late-
stage skill memory was observed in our previous study on wheel-skill learning [45]. In that
study, acquisition of late-stage, but not early, wheel-skill memory was critically dependent on
D1 receptors. The present findings extend this dissociation to mechanisms of skill
consolidation.

While our present and previous [45] results demonstrate that striatal mechanisms are critical
for late long-term skill memory, it is presently unclear which mechanisms mediate early long-
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term skill memory. Previous studies showed changes in neuronal processing in both cortical
and striatal nodes of corticostriatal circuits during procedural learning. For example, parallel
modifications in neuronal activity patterns in motor cortex and sensorimotor striatum have
been found during the acquisition of motor skills on a rotarod [6]. Moreover, a role for the
motor cortex in consolidation of a skilled reaching response has also been demonstrated [20].
It remains to be seen whether the motor cortex (or other structures [37]) or striatal mechanisms
not affected by the present post-trial manipulation are important for consolidation of early long-
term skill memory. Regardless, our present results demonstrate that consolidation of early- and
late-stage long-term skill memory is mediated by, at least in part, differential mechanisms.

4.3. Stabilization of skill-memory consolidation by cocaine
Our previous findings showed that the indirect dopamine receptor agonist cocaine modified
wheel-skill learning [45]. In the present study, we thus also investigated whether the same
cocaine treatment (pre-trial) affected skill-memory consolidation. While it has previously been
shown that cocaine or amphetamine can enhance some forms of procedural learning (e.g.,
[12,13,15]), our results demonstrate that administration of cocaine before the training session
prevented post-trial interference with skill-memory consolidation by lidocaine infusions into
the striatum. Our findings thus suggest that one action of psychostimulants/dopamine agonists
is to “stabilize” neuronal processes of consolidation, thus rendering them resistant to
interference.

Several mechanisms by which cocaine could produce such an effect are conceivable. First,
considering the direct relationship between practicing and skill learning [45], it could be argued
that cocaine preserved memory formation simply by increasing the amount of running/
practicing during the training. While such an effect of increased training is possible, it seems
unlikely to be the principal mechanism. For one, our results indicate that cocaine did not
enhance skill learning in sham-infused animals as compared with sham-infused vehicle
controls, despite enhancing running about four-fold. This was hardly due to a ceiling effect;
rats can improve more, for example, with more or longer training sessions [45]. Also, in our
previous study, depending on the training conditions, cocaine tended to impair, rather than
improve, skill learning despite increasing the amount of running [45].

Second, cocaine may have helped overcome the effects of transient local interference by
increasing neuronal activity in the sensorimotor striatum [30,42]. High doses of systemic
cocaine raise extracellular levels of dopamine in the striatum for at least 90 minutes (e.g.,
[23,31]), indicating that some of the present cocaine effects likely outlasted training session
and subsequent transient lidocaine action [4,40]. Such effects may have allowed consolidation
to proceed.

Third, cocaine may have facilitated memory consolidation by affecting molecular mechanisms
of synapse modification necessary for long-term memory. Our previous findings demonstrated
that cocaine enhanced skill learning-associated changes in gene regulation in the sensorimotor
striatum. Specifically, animals trained under the influence of cocaine in the running-wheel task
showed transiently enhanced inducibility of genes encoding transcription factors such as c-
fos and zif 268 and molecules that directly regulate synaptic plasticity (Homer) in the striatum
selectively during the learning phase ([43,44]; Willuhn and Steiner, in preparation). The
induction of such genes during learning is thought to initiate cellular changes that lead to altered
structure/efficacy of synapses, mediating long-term memory consolidation [2,8,14,22].
Consistent with this notion, our most recent results show that blockade of striatal D1 receptors
prevented both the above described learning-associated molecular changes in the striatum
(Willuhn and Steiner, in preparation) as well as wheel-skill learning [45]. Thus, it is conceivable
that cocaine stabilized motor-memory consolidation by enhancing D1 receptor-mediated
molecular processes in the striatum, thus reducing their susceptibility to interference.
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It has been suggested that psychostimulants such as cocaine and amphetamine alter procedural
learning mediated by the dorsal striatum and that these changes play a role in drug addiction
[3,10]. Abnormal stabilization of motor memory consolidation by cocaine may contribute to
such aberrant motor learning. Future studies will have to determine the mechanism(s) by which
cocaine stabilizes motor memory and whether this effect is involved in drug addiction.
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Fig. 1.
Effects of post-trial interference by lidocaine infusion into the striatum on motor-skill learning.
A The number (mean±SEM) of performance errors (in percent of pre-test values) committed
before (pre) and 1, 6, 18 and 26 days after (post) the 2-day running-wheel training is given for
rats that received a bilateral intrastriatal infusion of lidocaine (2%, 1 μl each side) or a sham
infusion after each training session. All rats received a systemic injection of vehicle (0.02%
ascorbic acid) before each training session. The p value for the overall training effect is also
shown. B The error index (averaged errors on post-days 6-26 divided by errors on post-day 1;
mean±SEM) is shown for sham (v+sham)- and lidocaine (v+lido)-treated groups. C The total
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number (mean±SEM) of wheel revolutions during the training for these groups is depicted. **
p<0.01, * p<0.05 vs. pre (A) or v+sham (B).
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Fig. 2.
Relationship between running (practicing) during the training and post-trial interference by
lidocaine infusion. Scatter plots show the total number of wheel revolutions during the 2-day
training and the number of performance errors (in percent of pre-test values) committed in the
skill tests 1 day (left) and 26 days (right) after the training for individual animals that received
intrastriatal infusions of lidocaine (full circles) or sham infusions (open triangles) after each
training session plus a pre-trial injection of vehicle. Insets depict, for each time point, error
scores (mean±SEM) for sham (s)- and lidocaine (l)-treated animals that showed less than 250
wheel revolutions during the training. * p<0.05.
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Fig. 3.
Effects of post-trial interference by lidocaine infusion into the striatum on motor-skill learning
under the influence of cocaine. A The number (mean±SEM) of errors (in percent of pre-test
values) committed before (pre) and 1, 6, 18 and 26 days after (post) the 2-day training is given
for rats that received a bilateral intrastriatal infusion of lidocaine (2%, 1 μl each side) or a sham
infusion after each training session. All rats received an injection of cocaine (25 mg/kg, i.p.)
before each training session. The p value for the overall training effect is also shown. B The
error index (averaged errors on post-days 6-26 divided by errors on post-day 1; mean±SEM)
is shown for sham (c+sham)- and lidocaine (c+lido)-treated groups. C The total number (mean
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±SEM) of wheel revolutions during the training for these groups is depicted. ** p<0.01, *
p<0.05 vs. pre.
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