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Abstract

Background—Although research into the effects of cocaine has focused on the ventral striatum,
recent reports have identified a significant role for the dorsal striatum. Given the importance of the
dorsal striatum in motor control, the purpose of the present study was to investigate potential
sensorimotor deficts among cocaine users and the functional basis of these deficits within the
striatum.

Methods—Functional magnetic resonance imaging data were collected from fourteen right-
handed, non-treatment seeking chronic cocaine users and fourteen age and gender matched
controls during performance of two finger-sequencing paradigms that differentially activate the
caudate (internally-guided) and the putamen (externally-guided) interleaved with blocks of rest.
The total percent signal change in the dorsal striatum and the contribution of the left and right
caudate and putamen were calculated and compared across groups and tasks.

Results—Significant deficits in sensorimotor control were observed in cocaine users for both
motor tasks, with the most severe impairments present during internally-guided movements.
Cocaine users lacked the typical functional segregation observed in the dorsal striatum of the
control subjects. The total percent signal change in the dorsal striatum was not significantly
different between the groups, but cocaine users activated significantly less contralateral caudate
and putamen for internally-guided versus externally-guided movements, respectively.

Conclusion—These data provide clear evidence that chronic cocaine users have significant
motor performance deficits that are accompanied by disrupted processing within the dorsal
striatum. These data suggest the effects of cocaine extend beyond the confines of the motivational
domains of the ventral striatum.
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1. Introduction

Studies of cocaine addiction have historically focused on the ventral striatum (Koob et al.,
1994; White and Kalivas, 1998). Many animal studies have demonstrated, for example, that
functional activity in the ventral striatum is altered as a result of cocaine exposure (Lyons et
al., 1996; Porrino et al., 2002; Porrino et al., 2007). Lesions or other disruptions of the
nucleus accumbens decrease cocaine self-administration (Ito et al., 2004; Nestler, 2005;
Roberts et al., 1980; Zito et al., 1985). The importance of the ventral striatum-nucleus
accumbens is also substantiated in studies of human cocaine users. Functional activity in the
ventral striatum has been shown to correlate with cocaine craving (Breiter et al., 1997;
Risinger et al., 2005) and the subjective “high” following self-administration in cocaine
addicts (Risinger et al., 2005), for example.

The effects of cocaine, however, are not limited to ventral domains of the striatum. The
striatum is an anatomically complex and functionally heterogenous brain region. In
primates, it can be subdivided anatomically into the nucleus accumbens, the caudate
nucleus, and the putamen. Functional subdivisions include the limbic, association, and
sensorimotor domains (Haber et al., 2006; Haber et al., 1995; Martin et al., 1991). The
ventral striatum is primarily limbic in function, whereas the dorsal striatum is involved in
cognitive processing and sensorimotor integration (Balleine et al., 2007). With chronic
cocaine exposure dopamine receptor dysregulation extends from the ventral to the dorsal
striatum (Porrino et al., 2004). Dopamine release in the dorsal striatum is correlated with
cue-induced craving scores in cocaine-dependent subjects (VVolkow et al., 2006; Wong et al.,
2006). Increased functional activity in the dorsal striatum, as measured by blood-oxygen
level dependent signal intensity (BOLD), is also correlated with cue-induced craving
(Childress et al., 1999; Risinger et al., 2005). Studies in nonhuman primates have revealed a
progressively greater involvement of dorsal striatum with longer durations of cocaine
exposure (Letchworth et al., 2001; Porrino et al., 2004). Control over drug use likely evolves
from action to habit by shifting from goal-directed processes to more habit-based control
(Everitt et al., 2001; Tiffany, 2000). This shift reflects a change in activity from
ventromedial, limbic-associated, striatum underlying goal-directed learning processes to the
dorsal striatum, necessary for habit formation.

In addition to drug craving and habit formation, the dorsal striatum is involved in
sensorimotor control (Brooks, 1995; Jahanshahi et al., 1995; Menon et al., 1998). Internally-
guided movement tasks require a network of medial cortical and subcortical brain regions,
including the caudate nucleus in the dorsal striatum (Debaere et al., 2003; Elsinger et al.,
2006). Externally-guided movement tasks rely on lateral areas of the dorsal striatum,
including the dorsolateral putamen (Debaere et al., 2003; Jahanshahi et al., 1995). This
dissociation between internally-guided and externally-guided movement is a common theme
in movement disorder literature (Delval et al., 2007; Jackson et al., 1995; Jahanshahi et al.,
1995). Parkinson’s disease patients, for example, are selectively impaired in internally-
guided movements and external cues enhance their motor performance (Jahanshahi et al.,
1995).

There is a growing body of evidence that chronic cocaine users have sensorimotor
processing deficiencies (Bartzokis et al., 1999; Bauer, 1996a; Cardoso and Jankovic, 1993;
Chouinard and Ford, 2000; Pascual-Leone and Dhuna, 1990) which may persist for as long
as 15 years after the patient’s last reported drug use (Lundh and Tunving, 1981; Pascual-
Leone and Dhuna, 1990; Rylander, 1972). Despite these reports, the neurobiological basis
for impaired motor control in chronic cocaine abusers is poorly understood. Given the role
of the dorsal striatum in mediating sensorimotor function (Alexander et al., 1986; Robbins,
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2007; Romero et al., 2008; Schultz et al., 2000), these motor deficits likely indicate
irregularities in dorsal striatal activity.

The aim of this investigation, therefore, was to determine whether chronic cocaine users,
similar to Parkinson’s disease patients, are selectively impaired at internally-guided
movements and whether motor deficits are associated with dorsal striatal dysfunction. To
achieve this aim, we used two finger-sequencing tasks which require participants to use
either internal or external cues to guide their movement and are known to differentially
activate dorsal striatal nuclei. We sought to determine if sensorimotor deficits in cocaine
users were task and nucleus specific, or whether there was a global decrease in both
performance and functional specificity within the dorsal striatum of chronic users.

2. Methods

2.1 Subjects

Participants in this study included 14 chronic cocaine abusers (8 men, 6 women; age = 38.1
+ 10.4 years; education = 13.8 £ 2.6 years; race = 10 African-American, 4 Caucasian, mean
+ S.D.), and 14 healthy control subjects matched for age, gender and education (8 men, 6
women; age = 34.6 £ 7.9 years, p= 0.31; education = 15.1 + 2.3 years, p= 0.11; race = 4
African-American, 9 Caucasian, 1 Pacific Islander). The cocaine users had a used crack
cocaine for 16.3 + 7.6 years (range: 11-25 years) and reported smoking as their primary
route of administration. All participants were recruited from local television advertisements
and by word-of-mouth. Each participant provided a written informed consent approved by
the Wake Forest University Institutional Review Board. All participants were carefully
screened to ensure that they fulfilled study criteria. Exclusion criteria included: a history of
dependence on illegal drugs (other than cocaine, for the User group), a history or current
diagnosis of neurologic disease, head trauma, DSM-IV Axis 1 psychiatric disorder, an
episode of being unconscious for more than 3 minutes, metallic objects in the body,
claustrophobia, and a score of less than 75 on either the verbal or performance 1Q scale of
the Wechsler Adult Intelligence Scale-Revised. The average 1Q score in the cocaine users
was 87.1+ 10.5 and 100.7 £ 8.2 in the controls (t= 2.31, p < .05).

All individuals were screened with the Structured Clinical Interview for DSM-1V Axis |
Disorders (SCID) (Ventura et al., 1998). Controls were excluded if they met criteria for
dependence or abuse of any substance including alcohol or if they had a positive urine drug
screen on the day of testing. All included cocaine abusers met DSM-1V criteria for cocaine
dependence and at least a 12-month history of cocaine or crack use. Cocaine users were
excluded if they met criteria for lifetime abuse or dependence on opioids, stimulants other
than cocaine, hallucinogens, or inhalants. Additionally, they were excluded if they had a
positive urine drug screen for amphetamines, benzodiazepines, or opiates on the day of the
study. All cocaine subjects had a positive urine drug screen for cocaine on the morning of
the study and reported an average of 13.1 (+/— 4.0) hours since their last use (range: 9-30h).
The functional MRI scan was intentionally given three hours after the urine drug screen to
eliminate any effects of acute cocaine on the functional data. Sixty six percent of the
subjects also had a positive urine toxicology screen for marijuana though they reported no
use of marijuana within the last 24 hours. Ten cocaine subjects were current cigarette
smokers and four cocaine subjects were non-smokers. Eleven control subjects were non-
smokers and three control subjects were current cigarette smokers. In order to avoid any
confounding effects of nicotine withdrawal, all regular smokers were given the opportunity
to smoke approximately an hour prior to the MRI scanning session. None of the participants
were dependent on alcohol as assessed by psychiatric evaluation as well as the Alcohol Use
Disorders Identification Test (AUDIT). The average AUDIT score was not significantly
different between the groups (controls = 3.5 + 3.9, cocaine users= 8.1 + 5.4, p > 0.05).
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2.2 Finger Sequencing Task

All subjects performed two versions of a sequential finger tapping task (externally-guided
sequencing (EG) and internally-guided sequencing (IG)). The tasks required the subject to
fixate on an animated movie of a hand performing a series of finger tapping sequences (0.5
Hz) on a 4-button box. For both tasks, the subjects were instructed to mimic the movie in
real-time by tapping on a button box with their right hand. While in the scanner the subjects
were not able to see their hands at any time. For the EG condition the finger tapping
sequences were pseudorandomized and unpredictable. This required that the participants
rely on external visual cues to perform accurately. For the IG task the sequences repeated in
blocks of four taps. Consequently, the finger tapping movements were predictable and could
be performed based on internal cues alone. The 30s EG and IG movement blocks alternated
with 30s rest blocks, and there was a 15s interval before each task block during which the
participants were told that the upcoming sequence was either predictable or unpredictable.
Each functional run lasted 7.2 min and all subjects performed two runs. The task order was
counter-balanced across runs.

Subjects practiced the task prior to the scanning session to be sure they achieved a 90%
accuracy rate for both the I1G and EG condition. A maximum of 3, one minute practice
blocks were presented. All participants had to achieve 90% accuracy (as determined by
number of correct button presses) during the practice session to continue with the study.
After this accuracy rate was achieved, all participants performed another 1 minute practice
block to minimize differences in time spent at maximal performance between the groups.
All fourteen control participants reached criterion performance during the first minute block.
Seven of the fourteen cocaine users reached criterion in the first minute block, whereas five
required two practice blocks, and two users required three blocks.

During the scanning session the stimuli were presented to the subjects on MRI-compatible
LCD goggles (Resonance technology, Inc.) and eye-tracking software was used to be sure
that the subjects remained awake throughout the study. Performance was recorded directly
through an MRI-compatible response box via Eprime software (Psychology Software
Tools). Reaction times and error rates were calculated for each task.

2.3 FMRI Acquisition and Preprocessing

Images were acquired on a 1.5 Tesla General Electric scanner with a birdcage type standard
quadrature head coil and an advanced nuclear magnetic resonance echoplanar system. The
participant’s head was positioned along the canthomeatal line. Foam padding limited head
motion within the coil. High-resolution T1 weighted anatomical images (3D SPGR,
TR=14ms, TE=7700ms, flip angle=25°, voxel dimensions 1.0x1.0x1.0mm, 256x256 voxels,
160 slices) were acquired for coregistration and normalization of functional images. Forty-
nine co-planar T2 weighted functional images were acquired using a gradient echoplanar
sequence (TR=3000ms, TE=40ms, flip angle=90°, NEX=1, voxel dimensions
3.0x3.0x3.0mm, imaging matrix 64x64 voxels). Each functional run consisted of 144 time
points. Two radio frequency excitations were performed prior to image acquisition to
achieve steady-state transverse relaxation.

The functional MRI data were preprocessed for each participant independently using
standard parametric mapping techniques (SPM5, Wellcome Department of Imaging
Neuroscience, London, UK (Ashburner and Friston, 2005)). The time series of functional
images were aligned for each slice in order to minimize the signal changes related to small
motion of the subject during the acquisition. Head motion was less than 1-mm translation
and 1°-rotation for all scans. Spatial filtering of functional time series was performed by
convolution of each EPI image with a two-dimensional Gaussian smoothing kernel with full
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width at half maximum (FWHM) = 2.8 mm2. The data were corrected for acquisition time
(slice timing), realigned to the first volume (motion correction), normalized into a
standardized neuroanatomical space (Montreal Neurological Institute brain template).
Analyses of time data series were performed individually using a boxcar model convolved
with the canonical hemodynamic response function. Temporal filtering of functional time
series included removal of the linear drifts of the signal with respect to time from each
voxel's time-course, and low-pass filtering of each voxel's time-course with a one-
dimensional Gaussian filter with FWHM=6s. As the hypothesis of this study was focused on
changes in the dorsal striatum, analysis was restricted to the dorsal striatum, as defined by an
explicit mask of the left caudate, right caudate, left putamen and right putamen (WFU
PickAtlas (Maldjian et al., 2003)) shown schematically in Figure 3a. These regions of
interest contained 619, 620, 1035, and 1036 voxels respectively. The voxels were weighted
uniformly as there was no a priori assumption of spatial distributions of activity within the
ROL.

Statistical parametric maps were generated using the general linear model within SPM5. The
data for all rest and task blocks was modeled together for all cocaine users and controls.
Statistical contrast maps (IG vs Rest, EG vs. Rest) were then created for each group. To
determine the areas significantly activated during the task relative to rest for each subject a
minimum cluster size was set at 25 voxels with a threshold of statistical significance was set
at p < 0.001 for uncorrected values. The data are presented in figure 2 to illustrate the
distribution of BOLD signal change in the populations. These data were not quantified
further, however, as the primary objective of this study was to assess the fractional
contribution of the caudate and the putamen to IG and EG movement.

2.4 Region-of-interest (ROI) analysis

2.4.1 Percent Signal Change—The total percent signal change from rest was calculated
for both IG and EG movement based on previously established techniques (Sadato et al
1997). The percent signal change from rest (BOLD signal during task blocks-BOLD signal
during rest blocks)/ BOLD signal during rest blocks *100) was calculated for each voxel
contained in the dorsal striatum (left and right caudate and putamen). The first 3 data points
from each task and rest block were discarded based on prior research demonstrating that the
BOLD signal peaks 8-12 seconds following movement (Rao et al. 1996, DeYoe et al. 1992).

2.4.2 Fractional Distribution—In order to investigate the relative contribution of each
dorsal striatal nucleus to the IG and EG movement tasks, a region of interest analysis was
performed on each of the dorsal striatal nuclei that contributed to the explicit mask: the left
and right caudate and the left and right putamen. The relative contribution of each ROI to
the total percent signal change was calculated by adding the percent signal change from rest
for each voxel in the ROI and dividing it by total percent signal change. The final output for
each individual was one total percent signal change and four relative contribution values for
both IG and EG movement tasks. The relative contribution values for each ROl were
reported as a percent contribution to the total percent signal change and averaged across
each group. This was performed for both the 1G and EG tasks.

2.5 Statistical Analysis

Motor performance (reaction time and error rate) for each task was compared within and
between groups using analyses of variance (group x task) followed by appropriate tests for
multiple comparisons (p<0.05 as the threshold for statistical differences). Total percent
signal change in the dorsal striatum was compared across groups and tasks using an analysis
of variance (group x task). To determine if the distribution of activity within the four ROIs
within the dorsal striatum (left and right caudate and putamen) differed from chance, chi-
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square goodness of fit tests were performed for the IG and EG task data for each group. The
observed distribution of activity in users was further compared to the distribution found in
controls for both 1G and EG tasks using the chi-square test for identity. Additionally,
potential correlations between activity within the dorsal striatum and both drug use variables
and motor performance data were conducted using Pearson product-moment correlations.

3.1 Behavioral Findings

3.1.1 Reaction Time—Reaction times in controls and users differed significantly for IG
and EG tasks (F (3 50)= 100.57, p<0.001). Controls responded significantly faster on the IG
task than the EG task (t(13) = 29.01, p<0.001). Users were also significantly faster during
the IG than the EG task (t(13) = 13.48, p<0.001). During both tasks the users were
significantly slower than the controls (IG: t(26) = 36.82, p<0.0001, EG: t(26) = 75.63,
p<0.001; Fig. 1a).

3.1.1 Error Rate—The error rate was also significantly different between the groups
(F3,50= 5.978, p=0.001). The users made significantly more errors than controls on both the
IG (t(26) = 19.067, p<0.0001) and EG (t(26) = 2.88, p= 0.008) tasks (Fig. 1b). In addition,
the error rate in users was significantly higher during IG movement than EG movement
(t(13) = 9.625, p<0.0001).

To determine whether any group differences in motor performance may be explained by
differences in demographics or current drug use (other than cocaine), we performed a
multivariate analysis of covariance (MANCOVA) with reaction time and error rate as the
dependent variables and gender, age, race, education, 1Q, AUDIT score, cigarette smoking
status, and marijuana smoking status as independent variables. The results of this analysis
indicated that the none of these variables were statistically significant with regard to their
impact on motor performance (gender, F = 0.378 ; age, F = 0.256; race, F = 0.153;
education, F = 0.61; 1Q, F = 0.85; AUDIT, F = 1.45; cigarette smoking, F = 3.12; marijuana
smoking, F = 3.00; NS). Furthermore, Pearson product-moment correlations modeling the
parametric variables independently (age, 1Q, AUDIT score) also revealed no significant
relationship between these measures and either reaction time or error rate among the
participants.

3. 2 Functional Magnetic Resonance Imaging Findings

3.2.1 Total percent signal change—The total percent signal change did not differ by
group (controls vs users) or by task (IG vs EG) (F(3 50) = 2.193).

3.2.2 Distribution of Activity within the Dorsal Striatum: Controls—Figure 3
shows the relative distribution of task-related BOLD signal in the dorsal striatum (the left
and right caudate and putamen ROIs shown schematically in Fig. 3a). During performance
of IG movements there was a significant difference in the relative contribution of each ROI
to the total percent signal change (X2= 97.59, df = 3, p < 0.0001). The largest contribution
was from the left caudate (53%; Fig. 3b). During performance of EG movements there was
also a significant difference in the relative contribution of each ROI to the total percent
signal change (X2= 182.41, df = 3, p < 0.0001). The left putamen accounted for the largest
amount of activity during this task (43%; Fig. 3b).

3.2.3 Distribution of Activity within the Dorsal Striatum: Cocaine Users—The

relative distribution of activity in the dorsal striatum of users during performance of the IG
and EG tasks is shown in Fig. 3c. During performance of IG movements by users, there
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were no significant differences in the relative contribution of each ROI to the total percent
signal change (X2= 7.44, df = 3, p = 0.06; Fig. 3c). Similarly, during EG movements there
were no differences in the relative contributions of the caudate and putamen (X2= 2.72, df =
3, p = 0.43; Fig. 3c).

During the performance of IG movements, users had a significantly different pattern of
activity in the dorsal striatum than controls (X2=72.85, df = 3, p <0.0001). During EG
movement however, there was no significant difference in the distribution of activity
between groups (X2= 5.95, df = 3, p = 0.135). Correlations between motor performance
measures (reaction time and error rate) and percent signal change in the caudate and the
putamen for both IG and EG movement revealed no significant relationships. Furthermore,
there were no significant correlations between length of cocaine use and total percent signal
change in the dorsal striatum for I1G (r = 0.31, NS) or EG movement (r = 0.16, NS).

To determine whether alterations in dorsal striatal activity were influenced by demographic
or drug use variables (other than cocaine use), we performed a MANCOVA for both EG
movement and IG movement wherein percent signal change in the four dorsal striatal nuclei
were the dependent variables and the aforementioned demographic and drug use indicators
were the dependent variables. As with the motor performance data, there was no significant
effect of any of the dependent variables on BOLD signal change for either EG or IG
movement.

4. Discussion

Previous reports have shown that the performance of simple motor tasks can require the
recruitment of activity in different portions of the striatum, depending on the cognitive
demands of the task (Crosson et al., 2001; Debaere et al., 2003; Elsinger et al., 2006; Nakai
et al., 2003). The present investigation confirms these findings by showing that, within the
striatum of controls, internally-guided movement is primarily associated with activity in the
contralateral caudate and externally-guided movement is primarily associated with activity
in the contralateral putamen. This pattern of functional segregation, however, was not
present in chronic cocaine users. On both tasks, cocaine users had consistently higher error
rates and significantly longer response latencies than controls. Dorsal striatal activity in
cocaine users was more diffuse, less segregated and less lateralized than controls regardless
of the task demands. These data demonstrate that in chronic users the behavioral and
functional effects of cocaine may extend well beyond the ventral striatum into the
sensorimotor domains of the striatum.

The longer reaction times and higher error rates of cocaine users while performing both the
internally-guided and externally-guided motor tasks as seen here are consistent with several
studies documenting slower response times (Bolla et al., 2004; Bolla et al., 1999; Roberts
and Bauer, 1993) and decreased visuomotor accuracy in cocaine users (Kubler et al., 2005).
Beyond changes in these basic indicators of sensorimotor function, cocaine use has been
associated with a variety of movement disorders including tics, dystonia, and dyskinesias
(Bauer, 1996b; Cardoso and Jankovic, 1993; Chouinard and Ford, 2000; Pascual-Leone and
Dhuna, 1990). Unlike many previous reports, however, the current study was designed to
systematically investigate motor deficits and related dorsal striatal dysfunction in chronic
cocaine users. Although cocaine users were impaired on both tasks, the accuracy of
internally-guided movements was significantly more affected than externally-guided
movement. This may be due to a decreased ability to maintain the sequence in working
memory (Kubler et al., 2005; Kubler et al., 2003) or an inability to learn the short,
predictable sequences (Fillmore and Rush, 2006). These data demonstrate that, while both
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tasks are negatively impacted by chronic cocaine use, internally-guided movement is more
affected than externally-guided performance.

The inability to perform internally and externally-guided movements is a symptom of
various dorsal striatal diseases. For example, Parkinson’s disease patients are specifically
impaired on the performance of internally-guided (or memory cued) movements, when
compared to their performance on externally-guided (visually cued) tasks (Jackson et al.,
1995; Jahanshahi et al., 1995). Externally-guided movements remain largely intact in these
patients and, in fact, the availability of external cues can improve performance on internally-
guided tasks (Brown and Marsden, 1988). The sparing of externally-guided motor
performance has been hypothesized to be due to preservation of activity in cerebellar-
thalamo-cortical loops (Lewis et al., 2007). Activity in these additional motor areas may be
sufficient to maintain performance despite dorsal striatal dysfunction (Lewis et al., 2007). In
contrast, the performance of Huntington’s disease patients is impaired on both internally and
externally-guided movements (Johnson et al., 2000), with greater impairment generally
observed on internally-guided tasks (Delval et al., 2007). Although the motor deficits
observed in cocaine users were not as severe as the bradykinesia associated with Parkinson’s
disease or the dyskinesias present in Huntington’s disease, the performance of cocaine users
resembled the performance of Huntington’s patients, as they were unable to use external
cues to perform these tasks more accurately. This may indicate an inability to recruit other
circuits to compensate for striatal dysfunction.

Corresponding to the impairments in performance of the internally-guided and externally-
guided tasks, cocaine users exhibited disrupted patterns of activation within both the caudate
and putamen. When total activation across the dorsal striatum was considered without regard
to the specific subdivision (left and right caudate and putamen), there were no differences
between cocaine users and controls. The distribution of activity among these regions,
however, was significantly different between the groups. Consistent with prior studies,
within the striatum controls relied largely on the contralateral caudate for internally-guided
movement, and the contralateral putamen for externally-guided movement (Debaere et al.,
2003; Jahanshahi et al., 1995; Jueptner and Weiller, 1998; Kawashima et al., 2000). In
contrast, there was little differentiation between the patterns of activation of cocaine users
regardless of the motor task demands. Performance of both the internally-guided and
externally-guided tasks by cocaine users resulted in non-specific activation patterns across
the dorsal striatum. As with the behavior, these diffuse patterns of activation suggest global
deficits involving all dorsal striatal subdivisions.

One potential explanation for the disparities in dorsal striatal activity is the difference in task
proficiency between these two groups. In the early stages of motor learning, diffuse
functional activity occurs in motor-related neural networks (Karni et al., 1998; Ungerleider
et al., 2002; Wu et al., 2004). As task proficiency improves, activity becomes less diffuse
and more efficient. This functional consolidation has been observed in both cortical (Karni,
1996; Karni et al., 1998) and subcortical areas (Wu et al., 2004). As both caudate and
putamen are involved in skill learning (Haruno et al., 2004; Tricomi and Fiez, 2008),
functional consolidation likely occurs in these areas as well. The poor performance of
cocaine users manifested by longer reaction times and higher error rates may reflect early-
stage motor learning deficits (Karni et al., 1995; Karni et al., 1998). While this was not a
primary outcome measure of this investigation it is valuable to note that during the practice
session the cocaine users required more practice than the controls to acquire 90%
proficiency (see Methods), further supporting the interpretation that there may be
differences in motor learning between the groups. Furthermore, while cocaine users readily
achieved 90% proficiency during the practice session, proficiency in the MRI scanner was
84.5% for internally-guided movement. This decrement in proficiency in the MRI scanner,
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wherein the participants were engaged in the task for approximately 15 minutes, suggests
that there may be an interaction between sustained attention and sensorimotor deficits in
these users. Further studies are needed to determine whether the functional segregation
observed in control participants would emerge in cocaine users following extended practice
and improved performance.

Alternatively, the diffuse striatal activity in cocaine users may reflect an underlying
inefficiency or disorganization of neural activity during the performance of each of the
motor tasks. Inefficiency may be due to alterations in brain structure (Pulipparacharuvil et
al., 2008; Ujike et al., 2002), neurochemistry (Letchworth et al., 2001; Porrino et al., 2004),
and/or vascularization (Browndyke et al., 2004; Kosten et al., 1998) that accrue with chronic
cocaine use. Such alterations may lead to substantial functional reorganization (Graybiel,
2004; Nestler, 2001). There may also be adaptive plasticity that occurs alongside
progressive pathology, as is seen in stroke patients and in animal models of ischemia
(Hallett, 2001; Nudo, 1999; Nudo and Milliken, 1996). Whether local plasticity is adaptive
or counteradaptive, striatal remodeling may interrupt neural architecture within the caudate
and putamen contributing to a loss of functional organization associated with internally-
guided and externally-guided movements.

There are some limitations of the current study that should be considered. First, the
relatively small sample size (14/group) and the relatively long durations of cocaine use
among the participants (11-25 years) limit the ability to address the relationship between
drug history, motor performance and striatal function. Second, the rate of both cigarette
smoking and recent marijuana use among cocaine users was higher than among controls. To
avoid any deleterious effects of nicotine withdrawal on motor performance, all subjects were
given the opportunity for a “smoke break” up to an hour prior to image acquisition. Given
that nicotine has been shown to have performance enhancing effects on visuomotor task
performance (Foulds et al., 1996), however, smokers would be expected to perform better
than non-smokers which was not evident in the present study. The higher error rates and
slower reaction times in cocaine users are not likely due to concomitant marijuana use, as
marijuana use does not appear to impair finger-tapping performance, nor dorsal striatal
activity associated with finger-tapping (Pillay et al., 2004). The cocaine users also had a
lower average 1Q than the control group. Although there is some evidence that 1Q affects
motor performance (Sen et al., 1983), the application of an analysis of covariance did not
alter the robust differences between cocaine users and controls on motor performance. A
further analysis did not reveal significant correlations between 1Q score and ROI signal
change. This further diminishes the likelihood of 1Q as a confound in our results. Finally,
there are always difficulties in the interpretation of data from substance abusers. It is not
possible to distinguish between the effects of substance abuse and the existence of
psychiatric conditions that may have pre-dated drug dependence. The lack of significant
correlations between length of cocaine use and either motor performance or dorsal striatal
activity is likely due to the exclusive presence of long-term cocaine users specifically
recruited for this study. Given that all of the participants had used cocaine for at least 11
years, we are not able to address the question of whether these movement and dorsal striatal
abnormalities are present during the early phases of cocaine dependence. Despite these
limitations, these data reveal clear deficits in the performance of simple motor tasks by long-
term cocaine users.

In summary, this investigation demonstrates that chronic cocaine users perform poorly on
both internally-guided and externally-guided motor tasks. Furthermore, cocaine users
exhibited significant disruption in the activation of the dorsal striatal regions that subserve
performance on these tasks. These behavioral and neurofunctional abnormalities are more
prominent when cocaine users rely on internal, rather than external, cues to guide their
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movements, suggesting the cognitive demands of the internally-guided task may play an
important role in this sensorimotor impairment. The dysfunction of sensorimotor domains of
the dorsal striatum exhibited in this study are buttressed by animal models that have shown
progressive involvement of the cognitive and sensorimotor domains of the dorsal striatum
with increasing durations of cocaine exposure (Porrino et al., 2004). This dysfunction may
reflect considerable adaptive and counteradaptive neuroplasticity that occurs within the
striatum following chronic cocaine use (Koob, 1996; Nestler, 2001). While the movement
disruptions of cocaine users observed in the present study may not significantly impair
activities of daily living, they provide a behavioral marker of dorsal striatal dysfunction and
lend insight into the extent of neural disruption in these chronic cocaine users.
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Figure 1. Task Performance

Mean (with standard error) reaction time (a) and error rate (b) for the non-drug using control
group (dashed) and the cocaine users (solid). The cocaine users had significantly longer
reaction times and higher error rates for both the internally-guided and externally-guided
tasks. * p<0.01, ** p<0.001, ***p<0.0001
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Figure 2. Distribution of striatal activity during right-hand finger tapping

Voxel-based maps of significant brain activity for controls (top) and chronic cocaine users
(bottom) during internally-guided (left) and externally-guided (right) finger-tapping relative
to rest. These data were modeled across all subjects in each group in order to get a voxel-
based representation of the distribution of activity within the striatum. The colorbar indicates
z-scores from voxels that met criteria of a minimum cluster size of 25 voxels with a
threshold of statistical significance at p < 0.001 for uncorrected values.
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Figure 3. Dorsal striatal activity during right-hand movement

The dorsal striatum was divided into four subregions: left (contralateral) and right
(ipsilateral) caudate, left and right putamen. A schematic representation of the caudate (red)
and putamen (blue) on the contralateral (solid) and ipsilateral (dotted) sides is displayed (a).
The distribution of dorsal striatal activity is shown for controls (b) and cocaine users (c)
during both internally-guided and externally-guided movement. In controls, activity during
internally-guided movement was weighted towards the contralateral caudate. Activity during
externally-guided movement was weighted towards the contralateral putamen. In contrast,
dorsal striatal activity in cocaine users was evenly distributed among the four regions for
both tasks (as revealed by Chi Square goodness of fit tests (p > 0.05)).
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