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Supplementary Fig 1S.  Correlation Matrices 

Shown are the correlation matrices between 169 brain areas for 

rsFC between the different experimental conditions. The diagonal 

line separates the treatments and each colored pixel on each 

side is a mirror image of different brain areas and their 

significant correlations (Z value). Pixels in yellow/orange have 

a positive correlation while pixel in blue denote brain areas 

that are negatively correlated.  This visual gestalt showing 

brain areas that are significantly correlated, often appear as 

clusters because they are contiguous in their neuroanatomy and 

function. The delineated, labelled areas highlight clusters that 

are similar or, in some cases, very different between 

treatments. These primary clusters constitute major brain 

regions. For example, areas G and H represent coupling between 

the pons, medulla oblongata, and anterior and posterior 
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cerebellum, respectively.  This connectivity is present with 

repeated exposure to OXY but absent in vehicle and MVC treated 

rats. A – anterior cerebellum; B – posterior cerebellum; C – 

intra-thalamic connections; D – intra-thalamic connections; E – 

hypothalamus; F – basal ganglia; G – connections between pons 

and anterior cerebellum; H – connections between pons, medulla 

oblongata and posterior cerebellum; I – connections between 

medulla oblongata, and midbrain/pons; J – pons. 
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Supplementary Fig 2S: Active Lever presses under FR3 in Self-

Administration. 

 Mean (±SEM) total active lever responses for Maraviroc and 

Vehicle groups during a 1 h cue-induced OXY seeking test, after 

8 days of extinction. Within-subjects design (N=6). Animals were 

injected with MVC (10 mg/kg) and Vehicle (sterile saline + 5% 
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ethanol) 15 mins before the test. Paired t-test: t(5)=1.745, 

p=.1414, d= 1.56. 

 

Data Processing for rsFC 

Preprocessing was accomplished by combining Analysis of 

Functional NeuroImages (AFNI_17.1.12, 

http://afni.nimh.nih.gov/afni/), FMRIB Software library (FSL, 

v5.0.9, http://fsl.fmrib.ox.ac.uk/fsl/), Deformable Registration 

via Attribute Matching and Mutual-Saliency Weighting (DRAMMS 

1.4.1,https://www.cbica.upenn .edu/sbia/software/drams/index 

.html) and MATLAB (MathWorks, Natick, MA). Brain tissue masks 

for rsFC images were manually drawn using 3DSlicer 

(https://www.slicer.org/) and applied for skull-stripping. While 

FSL is routinely used in human studies to extract the brain, we 

find the algorithm is inadequate for rodent studies.  Pre-

defined cerebrospinal fluid (ventricles) and white matter 

regions are segmented based on the 3D MRI rat brain atlas. After 

registration, the averaged time-courses were extracted and 

normalized. Outliers (i.e., data corrupted by extensive motion) 

if detected in the dataset, and the corresponding time points 

were recorded so that they could be regressed out in a later 

step. Functional data were assessed for the presence of motion 

spikes. Any large motion spikes, if identified, were removed 

from the time-course signals. This motion censoring step was 

followed by slice timing correction from interleaved slice 

acquisition order. Head motion correction (six motion 

parameters) was carried out using the first volume as a 

reference image. We did not use framewise-displacement-based 
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scrubbing commonly used in human imaging a method that sums the 

absolute values of the derivatives of the six realignment 

parameters to identify excessive head motion.  Instead, motion 

censoring was achieved by AFNI 3dToutcount and outliers were 

defined as number of MAD (median absolute deviation) that are 

allowed. The output contains the fraction of voxels per volume 

(within the automask) that exceeds the outlier limits after 3rd 

degree Legendre polynomial detrending. These time points are fed 

into AFNI 3dDeconvolve for nuisance regression. 

Normalization was completed by registering functional data 

to the 3D MRI rat brain atlas using affine registration through 

DRAMMS (33-35). The same atlas was used for segmentation into 

171 brain areas. Data are reported in 169 brain areas only, as 

five regions in the brain atlas were excluded from analysis due 

to the large size of 3 brains. These brains fell slightly 

outside our imaging field of view and thus we did not get any 

signal from the extreme caudal tip of the cerebellum. Whole 

brains that contain all regions of interest are needed for 

analyses so rather than excluding the animals, we removed the 

brain sites across all animals. Nonlinear registration was 

performed to register individual images to standard rat brain 

template. Then, regressors comprised of demeaned motion 

parameters, white matter, and cerebrospinal fluid time series 

were fed into general linear models for nuisance regression to 

remove unwanted effects. Band-pass filtering (0.01Hz ~ 0.1Hz) 

was performed to reduce low-frequency drift effects and high-

frequency physiological noise for each subject. The resulting 

images were further spatially smoothed with full width at half 
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maximum set at 0.8 mm. The region-to-region functional 

connectivity method was performed in this study to measure the 

correlations in spontaneous BOLD fluctuations. A network is 

comprised of nodes and edges; nodes being the brain region of 

interest (ROI) and edges being the connections between regions. 

Voxel time series data were averaged in each node based on the 

residual images using the nuisance regression procedure with 

motion parameters and mean time courses of white matter and 

ventricles. While there are 171 segmented brain regions in the 

rat brain atlas this number (N) was reduced to 169.  To acquire 

regional temporal correlations, Pearson’s correlation 

coefficients were measured among (N * (N-1))/2 region pairs. For 

statistical inference on significant correlation, FDR (q=0.1) 

was applied for multiple correction.  Pearson’s correlation 

coefficients across all pairs of nodes (14,196 pairs) were 

computed for each subject among all groups to assess the 

interregional temporal correlations. The r-values (ranging from 

-1 to 1) were z-transformed using the Fisher’s Z transform to 

improve normality. 169 x 169 symmetric connectivity matrices 

were constructed with each entry representing the strength of 

edge. Group-level analysis was performed to look at the 

functional connectivity in all experimental groups. The 

resulting Z-score matrices from one-group t-tests (against 0) 

were clustered using the K-nearest neighbors (KNN) method to 

identify clusters of nodes that form resting state networks 

reordering the brain areas to give symmetrical correlation 

matrices. The KNN algorithm generates an automatic clustering 

solution which reorders the nodes based on the distance between 
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edge information so that smaller clusters are formed along the 

diagonal line of the matrix.  A Z-score threshold of |Z|=2.3 was 

applied to remove spurious or weak node connections for 

visualization purposes. |Z|<2.3 equates to p<0.02145 for two-

tailed hypothesis (connectivity significantly greater or less 

than 0). With an uncorrected p value = 0.001, an accepted 

threshold voxel-wise analysis, the corresponding Z is 3.09.  

 

 

 

 

 

 


