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The integrity of frontal-striatal circuits is an area of great interest in substance dependence literature, particularly as the field begins to
develop neural circuit-specific brain stimulation treatments for these individuals. Prior research indicates that frontal-striatal connectivity is
disrupted in chronic cocaine users in a baseline (resting) state. It is unclear, however, if this is also true when these circuits are mobilized by
an external source. In this study, we measured the functional and structural integrity of frontal-striatal circuitry involved in limbic arousal and
executive control in 36 individuals—18 cocaine-dependent individuals with a history of failed quit attempts and |8 age-matched controls.
This was achieved by applying a transcranial magnetic stimulation to the medial prefrontal cortex (Brodmann area |10) and the dorsolateral
prefrontal cortex (lateral Brodmann 9) while participants rested in the MRI scanner (TMS/BOLD imaging). Relative to the controls, cocaine
users had a lower ventral striatal BOLD response to MPFC stimulation. The dorsal striatal BOLD response to DLPFC stimulation however
was not significantly different between the groups. Among controls, DLPFC stimulation led to a reciprocal attenuation of MPFC activity
(BA 10), but this pattem did not exist in cocaine users. No relationship was found between regional diffusion metrics and functional
activity. Considered together these data suggest that, when engaged, cocaine users can mobilize their executive control system similar to
controls, but that the ‘set point’ for mobilizing their limbic arousal system has been elevated—an interpretation consistent with opponent

process theories of addiction.
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INTRODUCTION

Chronic cocaine use is among the most difficult substance
use disorders to treat. High relapse rates are likely due
to a combination of factors that involve heightened limbic
drive toward drug-related cues and difficulty controlling
their urges to use the drug. From a neuroimaging perspec-
tive, limbic drive and executive control are regulated by
distinct, complementary frontal-striatal neural circuits in the
brain (Alexander et al, 1986; Middleton and Strick, 2002;
Ongur and Price, 2000). The limbic loop includes projections
from the medial prefrontal cortex (MPFC) to the ventral
striatum. The executive control loop includes projections
from the dorsolateral prefrontal cortex (DLPFC) to the
dorsal striatum. Cocaine users typically have an attenuated
prefrontal cortex response to tasks that require mobilization
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of both the limbic circuit (eg natural rewards) (Asensio et al,
2010a; Cheetham et al, 2010; Kelley and Berridge, 2002). One
of the only things which reliably activates the MPFC in this
population appears to be drug cues (Childress et al, 2008;
Goldstein et al, 2007; Hester and Garavan, 2009; Prisciandaro
et al, 2013).

While task-based neuroimaging studies that probe frontal-
striatal circuitry involved in arousal to non-drug cues
typically reveal ‘hypofrontality’ among cocaine users
(Asensio et al, 2010a), recent resting state neuroimaging
studies investigating these limbic circuits have revealed
higher resting state functional connectivity in mesolimbic
frontal-striatal circuits relative to controls (Camchong et al,
2011; Hu et al, 2015) (Note: lower connectivity between
anterior cingulate-striatal circuit has also been observed (Hu
et al, 2015)). There are several possible interpretations to the
apparent gap in the results of task-based neuroimaging and
resting state neuroimaging studies. One interpretation is that
low task evoked baseline activity in the prefrontal cortex
may be related to human subject’s factors (eg required
concentration and task engagement), which are not as
critical for resting state studies. Another possibility, however,
is that the basic neural architecture is intact (ie resting state
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connectivity), but the threshold for engagement of these
arousal/salience circuits is disrupted—a hypothesis consis-
tent with the opponent process theory of addiction (Koob,
1996; Koob and Le Moal, 2008a, b).

The primary goal of this study was to quantify frontal-
striatal functional connectivity in a cohort of cocaine users
and matched controls that were resting in an MRI scanner as
their MPFC and DLPFC were externally activated. The data
that emerge from this experiment may provide a neurobio-
logical basis for the emerging data that a potentiating form
of repetitive transcranial magnetic stimulation (TMS) to the
DLPEC ((Camprodon et al, 2007; Politi et al, 2008; Terraneo
et al, 2016), or an attenuating form of TMS to the MPFC
(Hanlon et al, 2015) appears to dampen craving among
cocaine users. To minimize the impact of the methodological
and human subject’s factors, we employed an experimental
technique that activates the prefrontal cortex (like many
task-based studies) without requiring the individual to
concentrate on a task. To probe the integrity of these
circuits, we applied a series of single pulses of TMS to the
MPEFC and the DLPFC in the MRI scanner. This interleaved
TMS/BOLD imaging technique leads to a momentary
elevation of BOLD signal in the cortex directly affected by
the induced electrical field (MPFC and DLPFC), as well
as areas monosynaptically connected to the site (Baudewig
et al, 2001; Bestmann et al, 2003; Bestmann et al, 2005;
Bohning et al, 1999; Bohning et al, 2000a; Bohning et al,
1998; Bohning et al, 2000b). Although this technique does
not likely reflect how a circuit is organically activated when
engaged in a task, it is an informative hybrid between pure
resting state and pure task-based imaging. Prior studies by
our group have demonstrated that it is possible to
differentially activate the dorsal and ventral striatum through
this technique (Hanlon et al, 2013). We tested the opposing
hypotheses that, among cocaine users, externally evoked
DLPFC and MPFC activity would lead to: (1) attenuated
activity in the corresponding frontal-striatal circuits (as task-
based studies would predict) or (2) amplified activity in these
circuits (as resting state studies would predict) relative to age,
gender, and education-matched controls.

MATERIALS AND METHODS
Subjects

In this experiment we were primarily interested in investing
frontal-striatal circuitry in current cocaine users rather than
individuals engaged in treatment. This selection strategy was
motivated by an interest in eventually developing brain
stimulation treatment paradigms for individuals not other-
wise choosing to enroll in traditional outpatient programs.
Consequently, non-treatment seeking chronic cocaine users
and age and gender-matched non-drug using controls were
recruited from the Charleston, SC metropolitan area via
newspaper ads, broadcast messages, and word-or-mouth.
Twenty cocaine users and 20 non-drug using controls
signed informed consent and completed the study, which
was approved by the Medical University of South Carolina
Institutional Review Board. They then provided urine
samples to test for current illicit drug use and were
administered the DSM-IV-based Mini International Neuro-
psychiatric Interview (Sheehan et al, 1998), the Beck
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Table I Demographic and Cocaine Use History for Participants

Controls Users

Age (years) 35.1 (7.8) 362 (8.6)
Females 43% 56%

Alcohol use® 4.1 (19) 58 (42)
Daily nicotine use 22% 56%

Nicotine dependence® 1.0 ©) 1.7 (1.0)
Depressive symptoms* 2.0 (2.46) 47 (5.0)
Anxiety state® 264 (10.0) 3025 (1.7)
Anxiety trait? 26.6 9.5) 335 (11.6)
Age of first cocaine use — — 19.6 (39)
Total years of use — — 16.6 (4.6)
Years at current level — — 8.9 (6.7)

Values are expressed as means (+SD).

“Alcohol Use Disorders Identification test (AUDIT-C).

PFagerstrom Test of Nicotine Dependence.

“Beck Depression Inventory.

9Spielberger State-Trait Anxiety. All data are from the MR scanning day. There
were no significant differences between groups on any of these parameters
(p>0.05).

Depression Inventory (Beck et al, 1996), and the Alcohol
Use Disorders Identification Test (AUDIT) (Babor et al,
2001). To be eligible, the cocaine users had to meet DSM-IV
criteria for cocaine dependence, have a positive urine drug
screen for cocaine (indicating use within ~72h), and could
not meet criteria for dependence on any other class of drugs.
Exclusionary criteria for both groups included past week use
of illegal psychoactive drugs (other than cocaine for the
cocaine group), current use of prescription medication,
a score of more than 15 on the AUDIT, smoking > 1 pack of
cigarettes per day, a Fagerstrom Test of Nicotine Depen-
dence score >3, and a lifetime history of head injury with
loss of consciousness. While there were more daily smokers
in the cocaine group (10/18) than the control group (4/18),
the average AUDIT score and Fagerstrom Test for Nicotine
Dependence score were not significantly different. The
demographic and drug use information for these individuals
is included in Table 1. The final sample size was 36 as data
from 2 cocaine users and 2 controls were not included in
the final analysis due to excessive movement artifact in the
functional MRI images (>3 mm in any direction over the
course of a run) (see Preprocessing). These 36 individuals are
the participants described in Table 1 and in all remaining
sections of this manuscript.

Motor Threshold

On the day of the MRI scan, the individuals were asked to
abstain from cocaine use for 12h prior to the visit. No
individuals demonstrated clinical signs that they were
actively high upon arrival to the MRI center. Participants
were brought to the imaging center where resting motor
threshold (RMT) was determined. TMS was applied using a
Magstim SuperRapid stimulator, which generates biphasic
electrical pulses (250 ps). The stimulator was located outside
of the scanning room. The pulses were delivered through a
8 m cable that first attached to the bottom of an RF filter, and
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then passed through the waveguide into the MR scanning
room where it was led through the bore of the MRI and
terminated in a custom nonferromagnetic figure-of-eight
TMS coil (Bohning et al, 2003; George et al, 2003; Li et al,
2004; Nahas et al, 2001).

TMS-BOLD Image Acquisition

This study was performed on a Siemens 3T TIM trio scanner
(Siemens, Erlangen, Germany). Following the motor thresh-
old procedure, participants were positioned supine on the
scanner bed and the TMS coil was mounted in the MR head
coil (RAPID Biomedical (Rimpar, Germany) 12 channel
head array ) with a custom TMS coil holder adjustable in six
directions (X, Y, Z, pitch, yaw, and roll) (Bohning et al,
2003). While participants lay supine on the bed, the position
of the TMS coil was aligned to the location of F3 (Position 1:
left DLPFC) during one functional MRI run and to FP1
(Position 2: MPFC) during the other functional MRI run.
A fiducial was affixed to the center of the TMS coil for offline
verification of position. Participants then received two
interleaved TMS-BOLD imaging runs: (1) coil positioned
over F3, (2) coil positioned over FP1. This order was rando-
mized. During each run, a series of 12 single pulses of
TMS were applied to either the MPFC or the DLPFC, with a
12 s interpulse interval. These pulses were modeled as events
in the linear regression. Specifically, biphasic TMS pulses
(250 ps) were applied at 110% of RMT during a 100 ms TR
delay following every fourth TR (4, 8, 12...). After the first
functional run, the bed of the MRI scanner was retracted
from the bore such that the TMS coil could be moved to the
second position. Low-resolution T;-weighted anatomical
images were acquired again for alignment and offline
verification of coil position, before commencing the second
TMS-BOLD imaging run.

Anatomical Image Acquisition

High-resolution T;-weighted structural images were
obtained by using a magnetization-prepared rapid acquisition
of gradient echo sequence (160 slices, 50% distance factor,
256 x 256 matrix, TR =1900 ms, TE =4.18 ms, flip angle =9°,
slice thickness =1.0 mm, and GRAPPA). Diffusion-weighted
images were obtained by using a twice-refocused echo-planar
sequence with two diffusion weightings (b=0, 1000 s/mm?)
along 30 diffusion-encoding directions (50 slices, 0% distance
factor, 222 x 222 field of view, 74 x 74 matrix, TR =6700 ms,
TE =87 ms, slice thickness =3 mm, partial Fourier encoding:
6/8, no interpolation, and 2 averages).

Scalp-Cortex Distance Quantification

Given that the effects of TMS on cortical depolarization are
proportional to the distance between the skull and the cortex
(Kozel et al, 2000; Stokes et al, 2005), we calculated the
distance from the scalp to the cortex on the transverse plane
on MPRAGE images of each individual (Mango ver. 3.7;
Research Imaging Institute, UTHSA, Lancaster & Martinez
2005) (Supplementary Figure S1). The average distance
from the participant-specific placement of FP1 to the nearest
cortex (controls: 13.5mm +2.8; users: 14.2 mm+ 3.3) and
F3 to the nearest cortex (controls: 14.5mm + 1.7; users:
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151 mm+3.1) was not significantly different between the
groups. Of note, while some of the cocaine users had notice-
able cortical atrophy, easily visualized as sulcal enlargement,
this did not appear to have a significant effect on the distance
between the gyri and the skull (See Supplementary Figure S2
for an example). All analyses were done with these distances
as covariates (demonstrated in Supplementary Figure S3).

Functional MRI Data Analysis Preprocessing

Spatial preprocessing was performed with standard para-
metric mapping techniques (SPM12, London, UK) in
MATLAB 7.14 (Mathworks, Natick, MA). Images were first
converted from DICOM format to 4D NIfTI files, and motion
corrected (Realign: 6 parameter, rigid body realignment to
first image in each time series using a least squares approach).
Normalization parameters, bias correction, and anatomical
tissue maps were determined simultaneously, using the
Segment toolbox. Individual anatomical images were stripped
of their skulls by masking the bias-corrected image with the
combined tissue masks of gray matter, white matter, and CSF.
The functional images derived from realignment were
coregistered, through the mean image, to the skull-stripped
anatomical image (Coregister: Estimate, using normalized
mutual information). Coregistered images were then normal-
ized (Normalize: Write) to MNI template space with the
nonlinear warps derived from the Segment tool. Functional
images were masked (to remove the skull) and smoothed
(8 mm FWHM Gaussian kernel) prior to any between-group
analyses. The motion was limited to 3mm and residual
movement parameters (X, Y, Z, pitch, yaw, and roll) were
included as regressors on first-level within-subject analyses.
Individuals that exceeded this motion limit on either of the
functional runs were excluded from the analysis. Note: of the
four individuals who were excluded from the analysis based
on >3 mm motion, the excessive movement occurred in the
F3/DLPEC stimulation run in all four participants.

Voxel-Based Linear Regression—TMS Pulse-Based
Functional Connectivity

For this analysis first-level contrast maps were developed for
each participant. This was done by specifying first-level
models for TMS onsets in both the DLPFC and MPEC
condition. The TMS pulses in each condition were modeled
as instantaneous events, which were then convolved with the
canonical hemodynamic response function (double gamma,
as provided by SPM12). High-pass filtering was set such that
fluctuations with a period >128s would be removed to
account for signal drift within the scanner. Contrasts were
generated for each participant’s neural response (as mea-
sured by BOLD) to DLPFC and MPFC stimulation. A full
factorial analysis (TMS Location x Group) was then done
using these parameter estimates (contrast maps) (see Supple-
mentary Figure S3 for design matrix). This design matrix was
used to develop all statistical contrasts and subsequent Tables
and Figures contained in this manuscript. Main effects,
interactions, and post hoc t-tests were then created for all
relevant contrasts. All analyses were performed with statis-
tical correction at both the voxel and cluster level (p<0.05,
family-wise error-corrected clusters). The analysis was
restricted to an inclusive mask of the left and right frontal
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Table 2 Healthy Controls—Brain Regions Significantly Modulated by TMS to the MPFC/Frontal Pole and the DLPFC

Significant clusters® BA® MNI coordinates Max© Cluster level
x y z
MPFC stimulation: elevated BOLD signal
| cluster, k=2877 L Caudate, parahipp., insula, amygdala 34 —18 5 - 18 4.52 0.002
L&R Caudate, orbital PFC, insula, amygdala I'l, 47 27 Il - 16 430
| cluster, k=520 L&R Anterior cingulate 24 3 20 29 399 0.003
R Frontal pole 10 18 58 23 321
MPFC stimulation: attenuated BOLD signal No significant clusters
DLPFC stimulation: elevated BOLD signal
| cluster, k=670 R Putamen, caudate, amygdala 21 Il - 13 6.30 <0.000
L Putamen, insula, amygdala 48 - 18 14 5 495
| cluster, k= 1325 R Anterior cingulate I'l, 32 9 4| 2 481 <0.000
L Anterior cingulate 24, 32 - 15 41 -4 451
DLPFC stimulation: attenuated BOLD signal
| cluster, k=540 L Medial PFC 10 -6 68 I 387 0.003
L Middle and inferior frontal gyrus 44 —48 20 44 342
L Frontal pole 45 -39 56 17 342

Clusters of brain regions that had a significant increase or decrease in BOLD signal following a series of TMS pulses applied to the left medial prefrontal cortex/frontal
pole (MPFC; EEG coordinate FPI based in Intemational 10-20 system) and to the left dorsolateral prefrontal cortex (DLPFC; EEG coordinate F3). Stereotactic
coordinates from the Montreal Neurologic Institute (MNI) template are listed for each cluster of voxels that exceeded family-wise error correction (p<0.05). The
coordinates for the top three local maxima in each cluster are listed along with their anatomical labels (Harvard-Oxford Atlas), and the uncorrected p-values for each
cluster. Monte Carlo simulations used to determine family-wise error correction level.

“Local maxima determined from probabilistic Harvard-Oxford Atlas implemented in FSL.

®Brodmann area.
T value at the voxel level.

cortex and subcortical projection regions including the
caudate, putamen, pallidum, thalamus, insula, amygdala,
and hippocampus (AAL atlas implemented in WFU_Pick
Atlas). The minimum number of voxels required to reflect
adjustment for family-wise error was determined via
AlphaSim (with 1000 Monte Carlo simulations). Smoothness
estimation was calculated on the positive effect map obtained
in second level analysis (rmm=3 based on the equation:
1.412<L<1.732 wherein L is the voxel dimensions in the
largest plane after resampling (3 mm) (REST toolbox ver 1.8).

Diffusion Tensor Imaging Data

A full description of the diffusion tensor imaging data
analysis strategy and results can be found in Supplementary
Material. As this experiment was not explicitly designed to
make comparisons of fractional anisotropy values between
cocaine users and controls, it is not sufficiently powered to
address that question. The primary goal of acquiring the
diffusion data was to determine if there was a relationship
between fractional anisotropy and TMS-evoked BOLD
response in the frontal-striatal circuits of interest. Tract-
based spatial statistics revealed that there were no significant
differences in regional anisotropy between the groups nor
did FA values in the regions of interest surrounding the

cortical target areas (FP1 and F3) nor the striatum correlate
with the TMS-evoked BOLD changes.

RESULTS

Limbic Network Connectivity (MPFC (FP1)
Stimulation): Matched Controls

In controls, TMS applied to the left MPFC (FP1) led to
significant increases in the BOLD signal in two clusters,
which primarily included the left ventral caudate (ventral
striatum), parahippocampal gyrus, insula and amygdala
(Cluster 1), and the anterior cingulate cortex and left
frontal pole (Cluster 2). There were no regions with signifi-
cant decreases following MPFC stimulation (Table 2,
Figure 1a).

Limbic Network Connectivity (MPFC (FP1)
Stimulation): Cocaine Users

Unlike the controls, TMS applied to the left MPFC (FP1) of
cocaine users did not lead to a significant increase in any
brain region. It did, however, lead to a significant decrease in
the superior frontal gyrus (Table 3, Figure 1b).
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Figure |1 The BOLD response to medial prefrontal cortex (MPFC)
stimulation. A series of single pulses of transcranial magnetic stimulation
were applied to the left MPFC/frontal pole of healthy controls and cocaine
users while they rested in an MRI scanner. The coil was positioned over the
FP1 location (red dot) of each individual based on the EEG International
10-20 system (black dots show standard positions). The brain regions that
had a significantly elevated BOLD signal (red colormap) and significantly
attenuated BOLD signal (blue colormap) are displayed for the controls (a)
and the cocaine users (b), and the cocaine users relative to the controls (c).
The statistical maps for all of these comparisons arose from the same full
factorial design (SPM12; Family-wise error-corrected clusters p <0.05). Only
voxels that fell within those significant clusters are displayed.

Limbic Network Connectivity: Between Groups

Relative to the controls, the cocaine users had significantly
lower BOLD signal in two clusters: the left and right caudate
(ventral striatum), putamen (dorsal striatum), accumbens
(ventral striatum), and amygdala (Cluster 1) frontal pole
(Cluster 2). (Supplementary Table S1, Figure 1c). There were
no regions in which the cocaine users had a greater response
to MPFC/frontal pole stimulation.

Executive Network Connectivity (DLPFC (F3)
Stimulation): Matched Controls

In controls, TMS applied to the left DLPFC (F3) led to
significant increases in the BOLD signal in two clusters,
which primarily included the left putamen (dorsal striatum),
caudate, insula and amygdala (Cluster 1), and the anterior
cingulate cortex (Cluster 2). There was also a significant
decrease in BOLD signal in one cluster following DLPFC
stimulation that included the MPFC, inferior frontal gyrus,
and the frontal pole (Table 2, Figure 2a).

Executive Network Connectivity (DLPFC (F3)
Stimulation): Cocaine Users

Similar to the controls, TMS applied to the left DLPEC (F3)
led to significant increases in the BOLD signal in two
clusters, which primarily included the putamen (dorsal
striatum), caudate and thalamus (Cluster 1), and the anterior

Table 3 Chronic Cocaine Users—Brain Regions Significantly Modulated by TMS to the MPFC/Frontal Pole and the DLPFC

Significant clusters® BA® MNI coordinates Max© Cluster level®
x y z
MPFC stimulation: elevated BOLD signal No significant clusters
MPFC stimulation: attenuated BOLD signal
| cluster, k=58 R Superior frontal gyrus 41 50 439 0.009
Superior frontal gyrus 9 -4 44 35 349
DLPFC stimulation: elevated BOLD signal
| cluster, k=708 R Putamen 18 8 - 13 542 0.006
L Caudate, Thalamus -6 5 2 4.65
| cluster, k= 1026 L Anterior cingulate, Superior frontal gyrus 32, 24 -3 38 -4 4.60 <0.000
R Anterior cingulate 32,24 6 38 5 438

DLPFC stimulation: attenuated BOLD signal No significant clusters

Clusters of brain regions that had a significant increase or decrease in BOLD signal following a series of TMS pulses applied to the left medial prefrontal
cortex/frontal pole (MPFC; EEG coordinate FP| based in Intemational [0-20 system) and to the left dorsolateral prefrontal cortex (DLPFC; EEG coordinate F3).
Stereotactic coordinates from the Montreal Neurologic Institute (MNI) template are listed for each cluster of voxels that exceeded family-wise error correction
(p<0.05). The coordinates for the local maxima in each cluster are listed along with their anatomical labels (Harvard-Oxford Atlas), and the uncorrected p-values for

each cluster.

“Local maxima determined from probabilistic Harvard-Oxford Atlas implemented in FSL.

®Brodmann area.
T value at the voxel level.

9Uncorrected p-value listed. K=the number of voxels in the cluster. All clusters reach family-wise error correction p <0.05 (AlphaSim, Monte Carlo simulations).
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Figure 2 The BOLD response to dorsolateral prefrontal cortex (DLPFC)
stimulation. A series of single pulses of transcranial magnetic stimulation
were applied to the left DLPFC of healthy controls and cocaine users while
they rested in an MRI scanner. The coil was positioned over the F3 location
(red dot) of each individual based on the EEG Intemational 10-20 system
(black dots show standard positions). The brain regions that had a
significantly elevated BOLD signal (red colormap) and significantly
attenuated BOLD signal (blue colormap) are displayed for the controls
(a), the cocaine users (b), and the cocaine users relative to the controls (c).
The statistical maps for all of these comparisons arose from the same full
factorial design (SPM12; Family-wise error-corrected clusters p <0.05). Only
voxels that fell within those significant clusters are displayed.

cingulate cortex (Cluster 2). There was no significant
decrease in BOLD signal (Table 3, Figure 2b).

Executive Network Connectivity: Between Groups

Relative to the controls, there was only one cluster in which
the cocaine users had significantly lower BOLD signal. The
cluster was centered in the frontal pole/medial orbital gyrus.
There were no regions in which the cocaine users had a
greater response to DLPFC/frontal pole stimulation. There
was also no difference in the dorsal striatal response to
DLPFC stimulation between the groups (Supplementary
Table S2, Figure 2c¢).

Association Between BOLD Response to TMS and
Clinical Variables in Cocaine Users

There was no correlation between the BOLD response to
TMS stimulation and state of trait anxiety, depressive symp-
toms, alcohol use severity, age of first use of cocaine, or total
years of cocaine use.

DISCUSSION

The functional integrity of both medial and lateral frontal-
striatal circuits is an important area of discovery in addic-
tion research, as these circuits govern limbic arousal and
cognitive control- dual and opponent processes implicated
in the evolution of drug dependence, abstinence, and often
relapse (Koob, 1996; Koob and Le Moal, 2008a). While the
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functional connectivity of these circuits in cocaine-
dependent individuals has been measured in a resting state
(Gu et al, 2010; Hu et al, 2015; Li et al, 2000; Tomasi et al,
2010), the goal of this study was to investigate the functional
connectivity in these circuits when they were engaged by an
external source. The primary results demonstrate that (1)
ventral striatal areas responsible for limbic arousal are not as
responsive to the same level of medial prefrontal stimulation
in cocaine users as controls (consistent with opponent
process theory), (2) dorsal striatal areas typically implicated
in cognitive control and habit formation have similar
response profiles in cocaine users and controls, and (3) the
reciprocal relationship between DLPFC stimulation and
Brodmann 10 (MPFC) attenuation observed in controls is
disrupted in cocaine users. Considered in the context of
other studies that have demonstrated high resting state
connectivity in these frontal-striatal networks, the present
data suggests that while the basic scaffolding of the frontal-
striatal circuits may be present in cocaine users, stimulation
of Brodmann 10 (by an external source) does not evoke the
typical increase in striatal BOLD signal, which is observed in
controls. Taken together, these data provide us with some
insights regarding the development of new circuit-specific
treatment strategies for these individuals, such as TMS.

Reciprocal Connectivity Between the Medial Prefrontal
Cortex and the Dorsolateral Prefrontal Cortex

One of the most interesting observations of the present study
is the reciprocal relationship between activity in the DLPFC
and the MPFC in the controls and in the cocaine users.
Consistent with previous studies, a series of single pulses of
TMS to the DLPFC resulted in an increase in dorsal striatal
BOLD signal in both controls (Hanlon et al, 2013) and
cocaine users. This is aligned with PET imaging studies
demonstrating that repetitive TMS to the left DLPFC leads to
a reduction in [(11)C]raclopride binding in the ipsilateral
caudate, suggesting elevated dopamine release (Strafella
et al, 2001). Interestingly, however, in the present study
DLPEC stimulation also led to a reciprocal decrease in
medial orbitofrontal (BA 10) BOLD signal in the controls,
but not the cocaine users. The reciprocal relationship
between the DLPFC and BA 10 in controls is consistent
with other studies, which have revealed negative connectivity
between the central executive network and the salience
network (Chen and Etkin, 2013a; Liston et al, 2014). It is also
consistent with PET studies showing that 10 Hz rTMS to the
left DLPFC effects dopamine release in the medial orbito-
frontal cortex and anterior cingulate cortex, as revealed by
[(11)C]JFLB 457 binding, a ligand sensitive to D2 receptors
(Cho and Strafella, 2009). Interestingly, although this was not
the primary aim of their study, Cho et al 2015 administered
10 Hz rTMS to the dorsal MPFC with a double cone coil
(which has deeper cortical penetration than a flat coil) and
observed a change in dopamine displacement in the dorsal
striatum, but not the ventral striatum, an elegant demonstra-
tion of the well-established topography of dorsal and ventral
frontal-striatal circuits (Haber and Knutson, 2010). Although
these explanations will require future experiments, to our
knowledge, this is the first study to directly investigate the
positive and the negative relationships between these two
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prefrontal cortical areas in controls and substance-dependent
individuals.

From one perspective, it may seem obvious that the MPFC
BOLD signal should decrease when the DLPFC is engaged
by TMS given that the MPFC is a node in the default mode
network (Damoiseaux et al, 2006), and this has been
empirically observed in rTMS studies of depression in the
past (Liston et al, 2014). It is not obvious, however, why
DLPFC stimulation would lead to a decrease in BA 10 of the
controls but this would not be present in cocaine users. One
possibility is that cocaine users have a lower response to
DLPFC stimulation in general. Another possibility is that
Brodmann 10 in cocaine users is structurally compromised
(Franklin et al, 2002; Hanlon et al, 2011; Matochik et al,
2003). Both of these explanations, however, are weakened by
the observation that DLPFC stimulation leads to an increase
in dorsal striatum BOLD in both groups. In addition, MPFC
stimulation in the cocaine users leads to reciprocal inhibition
of the DLPFC.

Several other explanations for the lack of this reciprocal
attenuation in the cocaine users may be: (1) a functional
disconnection between these two complementary frontal-
striatal networks (Liang et al, 2015), or (2) attenuated BOLD
signal dynamics within the MPFC of cocaine users. Yet
another interpretation is that Brodmann 10 is not as
responsive to the typical cascade of signals from the DLPFC,
which lead to an attenuated BOLD response. Unfortunately,
the structural connectivity between the MPFC and DLPFC
in primates is presently not well understood and there is
still considerable uncertainty regarding the biophysics of a
negative BOLD signal. Although this study was not designed
to answer those questions specifically, these results illuminate
an important difference in the reciprocal connectivity
between executive and limbic circuitry within cocaine users.

Ventral Medial Prefrontal Cortex: Impaired
Mobilization in Cocaine Users

One of the primary goals of this study was to investigate the
impact of frontal pole/ventral MPFC stimulation on ventral
striatal activity. This was motivated by the knowledge that
cocaine users appear to have a very low neural response to
natural rewards (Cheetham et al, 2010), which typically
engage the limbic system (eg the ventral MPFC, ACC, and
striatum) (Asensio et al, 2010a; Kelley and Berridge, 2002).
In addition, several resting state functional MRI studies have
demonstrated lower baseline resting state functional con-
nectivity with the MPFC in cocaine users (Gu et al, 2010; Gu
et al, 2007; Tomasi et al, 2010), though other studies have
demonstrated that cocaine users have higher connectivity
in these circuits (Camchong et al, 2011; Hu et al, 2015). The
present study demonstrated that left frontal pole stimulation
in the controls led to an increase in BOLD signal in a
network of limbic regions including the caudate, parahippo-
campal gyrus, and the amygdala. In the cocaine users,
however, there were no brain regions amplified by left frontal
pole stimulation. A possible explanation is that Brodmann 10
is less responsive to an equivalent stimulus in the cocaine
users relative to the controls. This would suggest that the ‘set
point’ for Brodmann 10 activity may be shifted in cocaine
users—a philosophy consistent with opponent process
theory (Koob and Le Moal, 2008a, b) and one that could
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explain its involvement in cue-induced craving tasks despite
low activity to natural rewards.

Implications for Treatment Development—Dorsal
Medial and Lateral PFC Brain Stimulation

One of the biggest areas of growth in addiction research at
the moment is neural circuit-specific treatment modalities.
Preclinical studies, eg, have demonstrated that optogenetic
modulation of these mesolimbic and mesocortical circuits
can modulate drug-taking behavior in a causal manner
(Chen et al, 2013c¢; Stefanik et al, 2013). Clinical studies are
now investigating repetitive TMS (rTMS) as a tool to change
drug- craving and drug-taking behavior. RTMS can induce
long-term potentiation (LTP) or long-term depression (LTD)
depending on the frequency chosen. Most of the rTMS
studies to date have applied an LTP-inducing form of TMS
to the DLPFC in an effort to decrease craving ((Bellamoli
et al, 2014; Gorelick et al, 2014; Hanlon et al, 2015). The
efficacy of TMS to the DLPFC as a tool to decrease craving in
cocaine users was first demonstrated by Camprodon and
collegues (2007) and recently explored in a large, multi-week
trial in Italy (Terraneo et al, 2016). It is not immediately
obvious why increasing activity in the DLPFC (an element in
the executive control network) would decrease craving (a
function typically ascribed to the ventral medial PFC and
ventral subcortical areas). The data from the present study,
however, demonstrate that there is a reciprocal relationship
between DLPFC stimulation and subsequent attenuation of
Brodmann 10 in the MPFC (an area involved in craving).
This result, which is consistent with similar studies in
individuals with mood disorders (Chen et al, 2013b; Liston
et al, 2014), and it provides a biological mechanism through
which DLPFC may be effective at attenuating craving.

In addition, this study demonstrates that relationship
between the stimulation of the DLPFC (by an external
source) and elevated activity in the dorsal striatum (regions
involved in planning and habit formation) is intact among
cocaine users. This is encouraging data for clinicians and
treatment providers, as this neural circuitry is typically
engaged by cognitive behavioral therapy. It is possible that
LTP-like repetitive TMS to the DLPFC may be well suited
as an adjuvant to cognitive behavioral therapy among
substance-dependent individuals.

Implications for Treatment Development—Ventral
Medial PFC Stimulation

While most of the TMS literature in psychiatry presently has
focused on stimulating the DLPFC, there is growing interest
in applying TMS to the dorsal medial (Bakker et al, 2015)
and ventral medial (Hanlon et al, 2015) prefrontal cortex. A
recent sham-controlled neuroimaging study by our group
demonstrated that 3600 pulses of continuous theta burst
stimulation (an LTD-like form of TMS) to the left frontal
pole/MPEC/BA 10 decreased stimulus-evoked activity in the
ventral MPFC and the nucleus accumbens (Hanlon et al,
2015), brain regions typically invoked by drug cues and
implicated in cue-primed relapse. The present study
demonstrates that, relative to controls, the amplitude of
TMS required to evoke a significant BOLD signal in striatal
limbic circuitry may be relatively high in the cocaine users.



However, given that this circuit is more disrupted in cocaine
users developing a treatment, which perhaps could restore its
‘set point’ to a typical level may be a fruitful treatment
direction. These data are particularly interesting in the context
of longitudinal neuroimaging findings from (Camchong et al
2014), who demonstrated that functional connectivity between
the left frontal pole (the area stimulated in the present
experiment) and the nucleus accumbens, as well as the left
frontal pole and the cingulate cortex were directly related to an
individual’s propensity to relapse to cocaine. The MPFC
response to non-drug rewards also appears to be modulated
by striatal dopamine (Asensio et al, 2010b), suggesting that
modulating this circuit might restore arousal to non-drug
rewards. Although resting state functional MRI does not
necessarily generalize to the stimulus-evoked BOLD signal
studies in the present experiment, both of these approaches
point toward the frontal pole as an important candidate
structure for sustained abstinence from cocaine.

The primary limitation of this study is the relatively small
sample of community-recruited cocaine users who had long
cocaine use histories and were also regular tobacco smokers.
While the nicotine dependence scores were not significantly
different between the smokers in the cocaine group and the
control group, there were twice as many daily smokers in the
cocaine group (56%) than the control group (22%). The high
nicotine smoking rates in this sample is typical for
community-based cohorts of cocaine users, however, the
relatively small sample precludes a robust assessment of the
relative contribution of each of these drugs to the biological
phenomena we observed. Consequently, these data should
likely only be interpreted in the framework of a typical
sample of cocaine users in the community. In addition none
of these individuals were actively seeking treatment for
dependence at the time of enrollment. In summary, this
experiment demonstrates that frontal-striatal circuitry in-
volved in limbic arousal is significantly harder to mobilize in
cocaine users than controls, but the frontal-striatal circuitry
involved in executive control is largely intact. Both of these
observations have implications for shaping future brain
stimulation treatment in cocaine users.

The development of rTMS as a tool to aid in the treatment
of substance use disorders is, however, truly in its infancy.
The field still needs many more active sham-controlled,
double-blinded trials to help clinicians and scientists
determine the most effective frequencies, cortical locations,
and substance abuse populations that are good candidates for
this intervention. As the field moves forward, we hope that
the results of this manuscript will provide a platform for
future biologically based treatment development for cocaine-
dependent individuals, as well as other populations strug-
gling with an imbalance between limbic drive and executive
control.
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