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Abstract

Preclinical models have consistently demonstrated the importance of the mesocorticolimbic (MCL)
brain reward system in drug dependence, with critical molecular and cellular neuroadaptations
identified within these structures following chronic cocaine administration. Cocaine dependent
individuals manifest alterations in reward functioning that may relate to changes induced by cocaine
or to pre-existing differences related to vulnerability to addiction. The circuit level manifestations
of these drug-induced plastic changes and predispositions to drug dependence are poorly understood
in preclinical models and virtually unknown in human drug dependence. Using whole-brain resting-
state fMRI connectivity analysis with seed voxels placed within individual nodes of the MCL system,
we report network-specific functional connectivity strength decreases in cocaine users within distinct
circuits of the system, including between ventral tegmental area (VTA) and a region encompassing
thalamus/lentiform nucleus/nucleus accumbens, between amygdala and medial prefrontal cortex
(mPFC), and between hippocampus and dorsal mPFC. Further, regression analysis on regions
showing significant functional connectivity decrease in chronic cocaine users revealed that the circuit
strength between VVTA and thalamus/lentiform nucleus/nucleus accumbens was negatively correlated
with years of cocaine use. This is the first evidence of circuit-related changes in human cocaine
dependence and is consistent with the range of cognitive and behavioral disruptions seen in cocaine
dependence. As potential circuit level biomarkers of cocaine dependence, these circuit alterations
may be usefully applied in treatment development and monitoring treatment outcome.

Introduction

Drug addiction is a serious public health problem that manifests as a compulsive drive to take
the drug without regard to severe adverse consequences (Volkow and Li, 2005). Neuroimaging
studies in drug dependent individuals have revealed significant alterations in brain structure
(Franklin et al., 2002; Matochik et al., 2003), neurotransmitters (Goldstein and Volkow,
2002), metabolism (Volkow et al., 1993), functional activity (Kalivas and Volkow, 2005;
Kaufman et al., 2003), and biochemistry (Li et al., 1999; Yang et al., 2009), notably in regions
generally considered to be part of the brain s mesocorticolimbic (MCL) reward circuitry. These
MCL components include the ventral tegmental area (VTA) and nucleus accumbens (NAcc),
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involved in responding to rewarding stimuli; the amygdala and hippocampus, involved in
memory functions, especially related to learning cue and context associations; mediodorsal
thalamus, an intermediary node linking midbrain and prefrontal cortex, and a key component
of thalamo-cortico-basal ganglia circuits implicated in aberrant habit learning disorders; and
prefrontal/orbitofrontal cortex (PFC/OFC) and anterior cingulate cortex (ACC), involved in
emotional regulation, cognition and executive function, especially inhibitory control processes
(Everitt and Robbins, 2005).

Cellular and molecular studies in animal models of drug dependence show enduring
glutamatergic neuroadaptations in the PFC of rats following chronic cocaine administration,
and such alterations appear to play a critical role in drug addiction and subsequent relapse to
drug-seeking behavior (Baker et al., 2003). Electrophysiological recordings in rats trained to
self-administer cocaine demonstrate significant decreases in the baseline, tonic firing of
neurons in the NAcc (Hollander and Carelli, 2007; Peoples and Cavanaugh, 2003). While these
and other studies have shown changes within individual MCL components following chronic
drug administration, little is known about the consequences of these regional alterations on
dynamic, functional interactions among and between MCL components and their projections
in human chronic cocaine users. Noninvasive neuroimaging offers an important tool to
investigate potential circuit level alterations in this disease.

Intrinsic, dynamic interactions between brain regions can be investigated using synchronized
spontaneous fluctuations in the resting-state blood-oxygenation-level-dependent (BOLD)
functional magnetic resonance imaging (fMRI) signal (Biswal et al., 1995). Brain functional
connectivity maps in the absence of external stimulation have been observed, in awake humans
and anesthetized monkeys and rodents, in specific brain circuits, including sensorimotor,
visual, auditory, and the “default mode” system (Fox et al., 2005; Greicius et al., 2003; Lowe
etal., 1998; Lu et al., 2007; Vincent et al., 2007; Xiong et al., 1999). Altered resting-state
functional connectivity (rsFC) has been previously demonstrated in several brain disorders,
including Alzheimer s disease (Li et al., 2002), schizophrenia (Liang et al., 2006), major
depression (Greicius et al., 2007), epilepsy (Waites et al., 2006), and attention deficit
hyperactivity disorder (Cao et al., 2009). Addiction related rsFC changes have recently been
reported. Hong et al (2009) reported rsFC between dorsal ACC and striatal regions that
correlated negatively with severity of nicotine addiction. Ma et al (2010) reported rsFC from
MCL seeds in methadone maintained opiate addicts that indicated stronger connectivity in
circuits involved in identifying salient stimuli and weaker connectivity in circuits involved in
executive functioning.

While rsFC by definition does not involve task related activation, numerous studies have
indicated a relationship between rsFC strength and activation during tasks involving that circuit
(Hampson et al., 2006a; Hampson et al., 2006b; Kelly et al., 2008; Seeley et al., 2007). Based
upon such a relationship, prominent theories of drug addiction suggest several testable rsFC
hypotheses.

Koob and Le Moal propose that repeated drug use results in a shift in hedonic set point such
that natural rewards are no longer sufficiently rewarding to motivate behavior such that hyper-
physiological drug-induced rewards are sought to provide sufficient stimulation to motivate
behavior (Koob and Le Moal, 1997). Based on this theory, reduced rsFC from salience
identifying and processing regions including VTA, NAcc, rACC, amygdala and hippocampus
might be expected. However, Robinson and Berridge suggest that responses to drug-related
stimuli become uniquely sensitized, implying that circuits involved in responding to cues, i.e.,
those involving VTA, NAcc, amygdala and rACC would show increased rsFC (Robinson and
Berridge, 1993). More recent theories emphasizing over-learned habit formation (Di Chiara,
1999; Everitt and Robbins, 2005) would predict increases in circuits involving thalamo-
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cortico-basal ganglia loops. In addition, hypo-functioning in cognitive control regions, as
posited by Jentsch and Taylor (1999) and Goldstein and Volkow (2002) would predict
decreased rsFC between prefrontal control regions such as ACC, dorsolateral PFC and medial
PFC and areas involved in responding to drug cues such as VTA, NAcc, amygdala and rACC.

Based on the above, we hypothesized specific rsFC circuits related to the MCL system would
be altered in chronic cocaine dependence and, as these changes are thought to relate to repeated
exposure to cocaine and cocaine cues and to underlie addictive behaviors, we hypothesized
that one or more of these circuits will be related to duration of use and/or intensity of use.

Materials and methods

Subjects

Thirty-nine active cocaine users (CU) and thirty-nine healthy controls (HC) were recruited
under a protocol approved by the Institutional Review Board of the National Institute on Drug
Abuse Intramural Research Program. Signed informed consents were obtained from all
participants prior to study enrollment. Potential subjects were assessed with a comprehensive
history and physical examination, general laboratory panel, a computerized SCID with clinical
interview follow-up, and a guided interview assessing substance use. Subjects were excluded
if they had any major illness, history of neurological or psychiatric disorders other than current
dependence on cocaine or nicotine (i.e. meeting full criteria within the past month). In an
attempt to control for the potential influence of other drugs and alcohol in the CU group, the
HC group was allowed to have some current or prior substance use, but no current or past
DSM-IV dependence (except nicotine). On the day of scanning, all subjects were assessed for
recent alcohol use with breathalyzer and for recent drug use with urine drug screen for
amphetamine, barbiturates, benzodiazepines, cocaine, methadone, PCP, tricyclic
antidepressants and THC. Participants with a positive breathalyzer report were rescheduled or
discharged from the study. Participants who smoked were allowed to smoke ad lib prior to
scanning.

Data Acquisition

Functional MRI data were collected ona 3-T Siemens Allegra MR scanner (Siemens, Erlangen,
Germany) equipped with a quadrature volume head coil. Head movement was minimized by
using a polyurethane foam helmet individually made for each participant. During the 6-min
resting scan, participants were instructed to keep their eyes closed and not to think of anything
in particular. Thirty-nine 4-mm thick AC-PC parallel slices without interslice gap were
prescribed to cover the whole brain. The resting data were acquired using a single-shot gradient-
echo echo-planar imaging (EPI) sequence with repetition time (TR) of 2 s, echo time (TE) of
27 ms, flip angle (FA) of 77°, field of view (FOV) of 220220 mm, and an in-plane resolution
of 3.44x3.44 mm. For registration purpose, high resolution anatomical images were acquired
using a 3-D magnetization prepared rapid gradient echo (MPRAGE) T1-weighted sequence
with TR of 2.5 s, TE of 4.38 ms, FA of 7°, and a voxel size of 1x1x1 mm.

Data Processing

Data processing and analyses were conducted in AFNI (Cox, 1996), SPM5 (Friston et al.,
1995) and MATLAB (The MathWorks, Inc., Natick, MA). Preprocessing included slice-timing
correction, mation correction, quadratic detrending, and low-pass temporal filtering with a
cutoff frequency of 0.1 Hz to retain the low frequency fluctuation components that contribute
to functional connectivity (Biswal et al., 1995; Lowe et al., 1998). To facilitate group analysis,
resting data were spatially normalized to the standard Talairach space with a resampled
resolution of 3x3x3 mm3. Spatial smoothing with a 6 mm Gaussian kernel was performed to
increase spatial signal to noise ratio. To further align the resting-state functional data across
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subjects, an unbiased group-wise nonlinear registration method was used to deform each
spatially smoothed image to an implicit group reference image based on a small deformation
elastic model (Geng et al., 2009).

Five seed regions were defined by placing bilateral 3-mm spherical regions of interest (ROIs)
in the NAcc, amygdala, hippocampus, MD thalamus, and rACC (BA24); a sixth ROI seed
encompassed total VTA. (See Table 2 for center coordinates of all seed regions.) The spherical
centers were positioned based on the coordinates provided by the Talairach Daemon database
(Lancaster et al., 2000) in AFNI (Cox, 1996) where available or literature values (Talairach et
al., 1993). Reference time courses from each of the six seed regions were generated by
averaging the time courses of all voxels within the ROIls. Subsequently, a cross-correlation
coefficient (cc) map for each seed region was obtained by correlating each voxel s time course
with the corresponding reference time course. In an attempt to examine the specificity and
selectivity of any changes seen in the above six hypothesized MCL regions, seeds were also
placed in the primary motor, auditory, and visual cortices, regions not generally associated
with the behavioral manifestations of cocaine dependence.

Global fluctuations, originating presumably from such systemic effects as respiration and
cardiac-induced pulsations, were accounted for individually by extracting the first three
principal components from the white matter voxel time courses ensemble and the first three
principal components from the time courses ensemble of the cerebrospinal fluid (CSF) voxels
(Behzadi et al., 2007). The white matter and CSF mask were generated by segmenting the high
resolution structural images in SPM5 and down-sampling the obtained white matter and CSF
masks to the same resolution as the functional data. In addition to these physiological
regressors, time courses of the six motion parameters also served as uninteresting covariates.
All regressors were applied before low-pass temporal filtering.

Data Analysis

Before proceeding to group analysis, the CC maps were transformed by Fisher s Z-

1+cc

transformation ( <= %log( T )) to approach a normal distribution. Two-sample t-tests were
performed on z-value maps to obtain group functional connectivity maps and to assess group
differences between CU and HC subjects for each seed region. A threshold of t(3g) > 3.8 with
a cluster size of 38 voxels (Pcorrected < 0.001 based on Monte Carlo simulations (Cox, 1996))
was used to generate functional connectivity maps for each group; only clusters within grey
matter were retained. The grey matter mask was generated in a similar way as the white matter
and CSF masks using segmentation of high-resolution structural images and then down-
sampling. Considering that partial volume effects (for white and grey matter) are usually large
in subcortical regions and image segmentation results are usually less accurate in these regions,
the grey matter mask was applied only to the superior part of the brain (z > 6 mm). Functional
connectivity differences between the CU and HC group were assessed for each seed using the
general linear model with nicotine dependency as a fixed factor. To improve the sensitivity of
detection while still controlling for the false positive rate, a threshold of pgorrected < 0.05,
t(76) > 2.4 combined with a cluster threshold of 43 — 81 voxels (VTA: 43 voxels; NAcc: 65
voxels; amygdala: 81 voxels; hippocampus: 69 voxels; MD thalamus: 61 voxels; rAcc: 72
voxels), was used to obtain the group difference map, with the restriction that significant
clusters must belong to significant regions in one or both groups connectivity maps. The
different cluster size thresholds reflect different number of comparisons in the connectivity
maps from different seed ROIs.
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Connectivity strength and cocaine use variables

To investigate the relationship between rsFC strength and cocaine use, regression analysis
against the number of years of cocaine use and current cocaine use with nicotine dependency
as a fixed factor were performed using SPSS16.0 in the regions showing group difference (see
Table 3) to determine the correlation between the connectivity strength (represented by the
average z values) and the cocaine use and dependence measures.

Effect of Recency of Use

Results

To assess the impact of recency of cocaine use on rsFC strength, the CU group was divided
into those who presented on the scan day with a cocaine-positive urine and those with a cocaine-
negative urine. A two-sample t-test assessed differences in the combined connectivity map of
each seed between the cocaine positive group and the cocaine negative group. A threshold of
t(35) > 2.5 combined with a cluster threshold of 43 — 81 voxels, same as the cluster sizes used
in generating group difference maps, was used to investigate the effect of recency of use.

Participants in CU group and HC group were matched on gender, age, race, WAIS vocabulary
score, and education. There was no significant difference in the number of nicotine dependents
in each group (15 dependents in the CU group vs. 9 dependents in the HC group, 2 = 1.50,
p = 0.22). The demographic characteristics of participants and drug use information for both
groups are listed in Table 1. A clinical interview based on DSM-IV criteria revealed current
cocaine usage of $200+129 (range $38-$560) per week, 13.8+6.3 (range 1-25) years of cocaine
use and 4.3%+2.0 (range 0-7) DSM-1V dependence criteria met. Thirty-four of thirty-nine CU
met DSM-IV criteria for current cocaine dependence. All users reported a frequency of use
between daily and weekly, except one CU who reported monthly 3—4 day binges. On the day
of scanning, the urine screens of fifteen CUs were negative for all the drugs tested. There were
twenty-one individuals in CU group showing positive urine results for cocaine, one of which
was also positive for THC. For the remaining three CUs, one CU had urine positive for
amphetamine and THC, one CU was positive for THC only, and one CU participant s urine
screen results were missing.

Connectivity maps

Although reduced in extent in the CU group, the rsFC maps in the CU and HC subject groups
were similar for each of the six MCL system seed regions, and are generally consistent with
known anatomical connections as defined from post mortem human and non-human primates
(Parent A., 1996). See Fig. 1 for representative connectivity maps from the six MCL seeds.
All MCL seed ROIs are functionally connected to other components within the limbic system
and its closely related structures. In contrast, seed regions within the primary motor, visual and
auditory cortices yielded no limbic system connected components (See Fig. S1 in the
supplementary materials).

Tables S1 and S2 in the supplementary materials list all the regions functionally connected to
the six seed regions in HC and CU subjects, respectively, and are summarized below. The
VTA shows significantly correlated fluctuations with basal ganglia, NAcc, thalamus,
parahippocampal area, rACC/mPFC, and medial frontal gyrus. The NAcc seed map includes
striatum, mPFC, ACC, PCC, and parahippocampal area. The amygdala shows connectivity
with parahippocampal area, mPFC/ACC, striatum, insula, NAcc, temporal gyrus, pre- and
postcentral gyri. The hippocampus map encompasses presumed uncinate fasciculus and/or
fornical connections with the gyrus rectus and medial frontal cortex as well as projections of
non-fornical fibers to the entorhinal cortex and PCC/retrosplenial area. MD thalamus shows
connectivity with dorsal and rostral ACC, medial frontal gyrus, insula, and basal ganglia.
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Finally, the rACC seed demonstrates connections with OFC, amygdala, striatum, NAcc, PCC
and insula.

Functional connectivity differences between HC and CU subjects

When compared with matched HC participants, CU individuals show prominent rsFC strength
decreases from five of six MCL seed regions; no differences were seen with the NAcc seed
(see Fig. 2 for each of the five seed difference maps). The amygdala and the hippocampus
seeds show decreased synchrony with unique portions of mPFC. Reciprocal decreased
connectivity is seen between rostral ACC and amygdala and between rostral ACC and
hippocampus. VTA and MD thalamus seeds both show decreased rsFC with lentiform nucleus/
putamen. Decreased rsFC strength was also observed between the VTA seed and bilateral
thalamus and right NAcc. Rostral ACC shows decreased strength of connectivity with posterior
insula and portions of temporal gyrus in addition to amygdala. Table 3 lists all the regions
showing significant rsFC differences in CU compared to HC subjects and Fig. 3 schematically
summarizes these group differences. No significant differences between CU and HC subjects
were seen when seeds were placed in the primary motor and primary auditory cortices.
However, when seeds were placed in the primary visual cortex, significant rsFC increases are
seen in bilateral fusiform and lingual gyri. (See Fig. S1 in the supplementary materials.)

Connectivity strength and years of cocaine use

Regression analysis in the regions showing group connectivity differences reveals a significant
negative correlation between the rsFC strength and years of cocaine use in two circuits: seed
VTA - right thalamus and seed VTA - left thalamus/left leniform nucleus/right NAcc
(Pcorrected < 0.05) (Fig. 4). To test for anatomical specificity, the VTA-connected clusters
showing significant negative correlations were manually divided into subregions of thalamus
and lentiform nucleus based on standard anatomical delineation. The same regression analysis
was performed and the resultant connectivity strength regressions between the VTA seed and
individual sub-regions all show similar negative correlation with years of cocaine use as that
seen in the total clusters. No significant relationship between current cocaine use and functional
connectivity strength was seen.

Effect of Recency of Use

The cocaine-positive urine group consisted of twenty CUs with urine positive for cocaine only
and one CU with urine positive for cocaine and THC. The cocaine-negative urine group
included fifteen CUs negative for all drugs tested and one CU with urine positive for THC only
to balance one positive THC in the cocaine-positive urine group. There were no significant
differences between the two groups on age, gender, race, 1Q, and years of cocaine use, however
the cocaine-positive urine group had an average of one year less education (12.5£1.2 vs. 13.5
+1.2, p=.02). There was no significant difference between the two groups in rsFC strength for
any MCL seed except amygdala, where those with positive urine tests show decreased rsFC
with left posterior insula (Peorrected < 0.05). In addition, increased rsFC strength was observed
in the cocaine-positive urine group between the primary motor cortex seed and left anterior
insula. (See Fig. S2 in the supplementary materials.) These regions did not overlap with the
regions of difference between CU and HC.

Discussion

In this study, we identified six functional networks related to the MCL system (VTA, NAcc,
MD thalamus, amygdala, hippocampus and rACC) based on synchronized resting-state BOLD
signal fluctuation. These functional networks involve multiple cortical and subcortical regions
that are known to engage in reward processes, learning, memory and emotional regulation and
are generally consistent with the known anatomical connections between these regions. When
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compared with matched healthy controls, cocaine users demonstrate similar network
connection but with almost universally reduced connectivity strength for every MCL region
studied except the NAcc. In contrast, while the primary motor, auditory and visual cortex seeds
show connectivity with expected cortical and thalamic regions, there was no significant
difference between the CU and HC group maps when the seeds were in primary motor or
auditory cortex; the visual cortex seed did show increased connectivity to bilateral fusiform
and lingual gyri in the CU group.

Although rsFC, by definition, does not directly speak either to brain activation during task
performance or its correlation with task behavior, rsFC strength has been demonstrated to
predict behavioral task performance requiring the use of that circuit (Hampson et al., 20063;
Hampson et al., 2006b; Kelly et al., 2008; Seeley et al., 2007). These observations suggest that
synchronous fluctuations during the resting state are related to the ability of particular circuits
to perform appropriately when challenged to perform a task. Indeed, Smith et al recently
reported that resting networks identified using independent component analysis (a data driven
analysis method) in 36 subjects demonstrated virtually identical networks as revealed in a meta-
analysis consisting of nearly 30,000 subjects performing cognitive tasks categorized under one
or more of 66 behavioral domain classifications, suggesting that functional networks utilized
by the brain to perform virtually all cognitive processing are communicating even in the
absence of formal task engagement (Smith et al., 2009). Thus, the current results suggest circuit
alterations throughout the MCL reward system that might underlie behavioral dysfunctions
seen in cocaine dependent individuals.

In particular, the amygdala seed showed decreased rsFC in the CU group with mPFC, a
connection known to be important for reversal learning (Chachich and Powell, 1998). This
construct has been shown to be deficient in cocaine addicts (Ersche et al., 2008) and is thought
to relate to user s difficulty in learning that cocaine cues may no longer signal reward after the
development of problematic use. The hippocampus demonstrated decreased rsFC with mPFC,
a region known to be involved in the processing of self-relevant information and emotional
memories (Buckner et al., 2008). Cocaine users demonstrate a notable lack of ability to recall
negative consequences of past use and integrate such memories into decision-making processes
(Washton, 1986). Such difficulty in recall could also reflect difficulty in learning from negative
outcomes. The reduced rsFC strength of the VTA — NAcc circuit could be reflective of an
impaired Temporal Difference Error (TDE) dopamine signaling system, which has been shown
to necessary for learning new stimulus-reward associations (Schultz, 2002)

The MD thalamus seed yielded decreased cocaine group rsFC with extensive striatal regions.
These circuits are thought to be important for focusing and maintaining desired behaviors while
suppressing unwanted behaviors (Haber and McFarland, 2001). Cocaine dependent individuals
are known have difficulties with response inhibition (Kaufman et al., 2003; VVerdejo-Garcia et
al., 2007), which likely contributes to their propensity to relapse in the presence of cocaine-
related cues. Finally, seeds in the rACC demonstrated decreased connectivity in CU subjects
with the insula and amygdala, areas important for emotional functioning (Stein et al., 2007).
Emotional difficulties are characteristic of cocaine withdrawal (American Psychiatric
Association., 1994) and are highly comorbid with cocaine use disorders, although the current
study excluded those who met diagnostic criteria for mood or anxiety disorders.

The lack of differences from the NAcc seed was unexpected. However, cocaine dependence
has been hypothesized to relate to aberrant habit formation. If true, then altered connectivity,
most likely increased, might be expected in dorsal, rather than ventral striatum/NAcc, as a shift
in striatal circuits from ventral to dorsal has been demonstrated as drug dependence progresses
(Porrino et al., 2007).
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Ma et al. conducted a study similar to ours in heroin dependent individuals, most of whom
were maintained on methadone (Ma et al., 2010). They reported increased functional
connectivity from NAcc and amygdala to various frontal regions and decreased functional
connectivity between frontal regions involved in executive function. An important difference
between the two studies, aside from the obvious difference in drug use, is that their participants
were mostly under the acute effects of a drug, i.e., methadone. As pointed out in their
discussion, methadone can enhance responses to drug cues (Curran et al., 1999; Langleben et
al., 2008) along with profound effects on mu opiate receptor circuits (Gray et al., 2006). The
difference between our results may, therefore, relate to the acute drug effects present in their
study. Further examination of cocaine users under the influence of acute cocaine and heroin
users not in methadone treatment will be needed to resolve these discrepant results.

While none of our participants were acutely intoxicated, twenty-one had positive urine tests
for cocaine, indicating use within the last 3—4 days. Recent use was associated with decreased
connectivity between the amygdala seed and left posterior insula and with increased
connectivity between the primary motor cortex seed and left anterior insula. However, these
recency affected regions did not overlap with those regions showing decreased cocaine group
rsFC. While the insula is important for processing information on internal bodily sensations
that are associated with cocaine use and has been implicated in craving, the specific significance
of connectivity from amygdala and motor cortex to insula awaits further investigation.

Our results are in general agreement with findings of reduced gray matter density in medial
frontal, rACC and insula in cocaine users (Franklin et al., 2002) and with reduced white matter
integrity in inferior frontal regions, also in cocaine dependent individuals (Lim et al., 2008).
Gray matter density reductions could result in reduced functional connectivity, depending on
the cell populations responsible for the density difference. To the extent that functional
connectivity reflect anatomical connections (Krienen and Buckner, 2009), reduced white
matter integrity would likely result in reduced functional connectivity.

From a theoretical standpoint, our results are most consistent with the hypothesized reduction
in hedonic set point (Koob and Le Moal, 1997). If rsFC strength is related to the ability to
engage a circuit when required to perform a task, reduced connectivity throughout the MCL
system would suggest a greater than normal stimulation requirement in order to engage reward
(and other cognitive) pathways, thus leading to a shift from interest in and the ability of natural
rewards to activate the system to the need for supra-physiological, drug-induced rewards to
engage MCL circuits. This hypothesis could be directly tested in users in the absence and
presence of acute cocaine administration.

Recent evidence strongly points to functional connectivity as reflective of and constrained by
underlying neuroanatomical pathways (Krienen and Buckner, 2009). In the present study, the
VTA seed connectivity pattern demonstrated the expected extensive relationship with the
striatum and prefrontal regions. Somewhat less expected was the strong connectivity seen
between the VTA and the thalamus in both HC and CU groups, with large portions of thalamus
significantly different between groups. While the VTA is known to project to numerous
thalamic nuclei including the MD nucleus, the function of these projections has received little
attention in the literature (Oades and Halliday, 1987), despite evidence that MD thalamus
lesions reduce cocaine self-administration in rats (Weissenborn et al., 1998). The thalamus has
recently been reported to be hypoactive in cocaine users performing a visual attention task, a
result hypothesized to be related to attention and perception difficulties in addicts (Tomasi et
al., 2007). In light of these findings, it would seem that thalamic functions in cocaine dependent
individuals warrant further investigation.
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An important issue in interpreting results of a cross-sectional study such as ours is whether
differences between groups are a consequence of chronic drug use or alternatively, reflect pre-
existing differences that predispose some individuals to addiction. The preclinical literature
provides extensive support for the notion that chronic cocaine use produces long-lasting
alterations in MCL circuits and indeed, provided the inspiration for our choice of seed regions
(Koob and Le Moal, 2001). However, considerable data also point to genetic influences in
cocaine dependence (Kreek et al., 2005; Saxon et al., 2005), which necessarily predate the
effects of cocaine. As a first step in identifying circuits that have been changed by chronic
cocaine use, we correlated connectivity strength with both years of cocaine use and current
cocaine usage. A significant negative correlation with years of cocaine use was found between
the VTA seed and bilateral thalamus/left lentiform nucleus/right NAcc. Critically, those
individuals with fewer years of use showed connectivity strength in the range of healthy
controls while those with more years of use showed weaker connectivity strength. Since
reduced connectivity is thought to indicate more difficulty volitionally engaging a circuit when
needed, this observation appears consistent with the clinical observation that cocaine dependent
individuals seek out the supraphysiological stimulation of cocaine over natural rewards
(American Psychiatric Association., 1994). Preclinical studies also support the stronger reward
activating capacity of cocaine; when given a choice, rats will self-administer cocaine over
natural rewards (Grigson and Twining, 2002). Further, only cocaine self administration, but
not passive cocaine or food, can induce a persistent VTA synaptic enhancement that is resistant
to behavioral extinction, which may represent a fundamental phenomenon driving pathological
drug-seeking behavior (Chen et al., 2008). Although the number of years of cocaine use has
not been shown to be a predictor of treatment outcome (Poling et al., 2007), these data may
still speak to important neuroadaptations that characterize the clinical condition. This above
conjecture requires further confirmation, perhaps using reward task activation and choice
paradigms in cocaine users,

While most human imaging studies report altered limbic and frontal regions in cocaine users,
a possible role for primary sensory and motor region involvement in cocaine dependence has
been previously suggested. Kosten et al (Kosten et al., 2006) report that relapse to cocaine use
is associated with increased activation to cocaine cues in sensory association and motor cortical
areas, along with posterior cingulate cortex. Tomasi et al (Tomasi et al., 2007) showed that
cocaine users had increased occipital activation in a sustained visuospatial attention task. While
we saw no differences in connectivity strength between the HC and CU groups when seed
regions were placed in motor or auditory cortex, we did find increased connectivity between
a visual cortex seed with bilateral fusiform and lingual gyri. The significance of these
observations is not clear, as extensive behavioral characterization of our subjects requiring
visual processing was not performed. Nevertheless, this result, taken together with those cited
above, support the importance of understanding plastic changes in brain function between
cocaine users and healthy control individuals outside traditional reward related circuits. Finally,
the null results with seeds in the primary motor and auditory cortex along with the enhanced
visual seed connectivity in the CU group support the selectivity and specificity of the MCL-
limited connectivity reductions observed herein.

Several limitations of this study warrant discussion. It should be emphasized that circuit
directionality between nodes cannot be determined from rsFC analysis and is thus not implied
in these data. The question of directionality of influence in affected circuits will need to be
investigated with other techniques. It also should be noted that the presence of direct anatomical
connections should not be concluded from functional connectivity analysis, although as noted,
evidence strongly supports this assumption. However, as cocaine affects all three major
monoamine systems (dopamine, norepinephrine and serotonin) which are thought to, at least
in part, have a modulatory neuronal processing function, our observed differences in functional
connectivity may relate to altered common input from any one or more of these systems.
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Another limitation is that participants were not directly debriefed on what they were thinking
about during the resting scan. While no one in the CU group showed overt signs of craving, it
is possible that common thought patterns among the addicts could have contributed to the
differences seen in this study. Finally, while there was no significant difference in number of
dependent smokers in the CU and HC groups, there were more casual smokers among the CU
group, reflecting the relatively common occurrence that many cocaine users smoke only when
using cocaine. Therefore, it is difficult to completely disentangle effects related to nicotine
from those related to cocaine. Insofar as drugs of abuse are thought to utilize a final common
pathway involving MCL structures, it might be that our results reflect differences common to
both nicotine and cocaine. The lack of differences from MCL seeds when comparing dependent
smokers to the rest of the cohort supports the conclusion that our results are largely due to
properties unique to the cocaine users. Further studies are needed to address fully this issue.

To the best of our knowledge, this study reports the first circuit level abnormalities in human
cocaine users and demonstrates widespread reductions in the connectivity of multiple MCL
system components, implying possible difficulty in appropriately activating reward, learning
and emotional circuitry in cocaine dependent individuals. It would be of great interest to further
investigate how plastic these apparent neural adaptations are and their potential candidacy as
biomarkers that can be used to assess treatment matching and outcome prediction. Prospective
studies are recommended to explore the relationship between connectivity within MCL
pathways and specific behavioral features of addiction.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Page 14

Functional connectivity maps of six MCL seeds for healthy controls (yellow) and cocaine users
(red) under resting state (Pcorrected < 0.001, with t(3g) > 3.8 and a cluster size of 38 voxels).
Maps were overlaid together for display purpose. Orange color indicates overlapped areas for

both groups.
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MCL seeds Difference Maps: CU vs HC
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Figure 2.

Significant differences in functional connectivity in cocaine addicts as compared to matched
control subjects (Peorrected < 005 With t(76) > 2.4 and a cluster size of 43 — 81 voxels), when
seed regions were located in the (a) VTA,; (b) amygdala; (c) hippocampus; (d) MD thalamus;
and (e) rostral ACC (BA24). For further details, see Table 3.
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Figure 3.

Schematic representation of regions showing decreased functional connectivity (indicated by
the colored lines) in cocaine users compared with matched healthy controls. The lines match
the color of the seed regions where the decreased connectivity was associated. Amygdala and
rACC, as well as the hippocampus and rACC, each showed a reduction when the other was
the seed region. VTA showed reduced connectivity to much of the thalamus, including the MD
thalamus seed region. VTA: ventral tegmental area; NAcc: nucleus accumbens; Amy:
amygdala; Hip: hippocampus; Thal: thalamus; rACC: rostral anterior cingulate cortex; mPFC:
medial prefrontal cortex; Ins: insula; LN: lentiform nucleus.
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Figure 4.

Multiple regression analysis (Pcorrected < 0-05) shows negative correlation between rsFC
strength (indicated by average z value) and the number of years of cocaine use in the VTA —
thalamus/leniform nucleus/NAcc circuit (R =—0.47, puncorrected = 0-004). The box plot on the
left summarizes the connectivity strength from the HC group in the corresponding ROI, with
the open symbols representing the outliers in the HC group.
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Table 1

Cocaine Users (n = 39)

Healthy Controls (n = 39)

Age (years)1

Education (years)1

WAIS vocabulary scorel

38+ 6.2 (27-47)
13.2 + 1.7 (10-16)

58 + 8.2 (45-76)

40 5.1 (25-49)
12.9 + 1.3 (10-18)

58 +7.2 (44-73)

Gender (male/female)l 23116 29/10

Ethnicity1
African American 34 28
Asian — 1
Caucasian 3 9
Hispanic — 1
mixed 2 —

Drug Dependence/Abuse/Recreational Use2 ~ Dependence/Abuse/Recreational Use

Current Past Current Past

Cocaine 34/4/1 22/10/7 0/0/0 0/0/0
Alcohol 0/2/31 3/9/23 0/1/19 0/2/24
Amphatamine 0 1/0/1 0 0
Barbiturate 0 0/0/1 0 0
Downer 0 0/1/0 0 0
Heroin 0/0/1 17214 0 0
Hallucinogen 0 0/1/1 0 0
Minor tranquilizer 0 0/0/1 0 0
Nicotine 15/2/14 12/1/18 9/0/5 9/0/5
PCP 0 0/1/2 0 0
Qualude 0 1/0/0 0 0
THC 0/5/15 4/9/19 0/0/0 0/0/4

Page 18

Demographic characteristics and substance dependence information for cocaine users and healthy controls

1duosnue Joyiny vd-HIN

Mean * SD (range) are shown.

1There was no significant difference between the groups in age (t(76) = —1.54, p = 0.13), education years (t(76) = 1.05, p = 0.30), WAIS vocabulary
score (t(76) = —0.25, p = 0.80), gender (XZ =1.44, p = 0.23), or ethnicity (XZ =7.58,p=0.11)

Dependence and abuse classifications were based on DSM-IV criteria. Recreational use included people who had at least 5 lifetime usage of that
substance.
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Center coordinates of the seed regions (z indicates seed regions were defined bilaterally.)

Table 2

Center Coordinates (Talairch: mm)

Seed Region
X y z

Ventral Tegmental Area (VTA) 0 -16 -7

Nucleus Accumbens (NAcc) +12 8 -8

Amygdala +23 -5 -15
MCL seeds

Hippocampus +30 —24 -9

Mediodorsal Thalamus +6 -16 8

Rostral Anterior Cingulate Cortex (BA 24) +4 36 8

Primary Motor Cortex +44 -8 38
Sensory- motor seeds  Primary Auditory Cortex +44 -34 14

Primary Visual Cortex +10 88 5
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