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Abstract

Previous preclinical studies have emphasized that drugs of abuse, through actions within and between mesocortico-
limbic (MCL) regions, usurp learning and memory processes normally involved in the pursuit of natural rewards. To
distinguish MCL circuit pathobiological neuroadaptations that accompany addiction from general learning processes
associated with natural reward, we trained two groups of rats to self-administer either cocaine (IV) or sucrose (orally)
followed by an identically enforced 30 day abstinence period. These procedures are known to induce behavioral
changes and neuroadaptations. A third group of sedentary animals served as a negative control group for general
handling effects. We examined low-frequency spontaneous fluctuations in the functional magnetic resonance imag-
ing (fMRI) signal, known as resting-state functional connectivity (rsFC), as a measure of intrinsic neurobiological
interactions between brain regions. Decreased rsFC was seen in the cocaine-SA compared with both sucrose-SA and
housing control groups between prelimbic (PrL) cortex and entopeduncular nucleus and between nucleus accumbens
core (AcbC) and dorsomedial prefrontal cortex (dmPFC). Moreover, individual differences in cocaine SA escalation
predicted connectivity strength only in the Acb-dmPFC circuit. These data provide evidence of fronto-striatal plas-
ticity across the addiction trajectory, which are consistent with Acb-PFC hypoactivity seen in abstinent human drug
addicts, indicating potential circuit level biomarkers that may inform therapeutic interventions. They further suggest
that available data from cross-sectional human studies may reflect the consequence of rather a predispositional pre-
decessor to their dependence.
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Introduction

Relapse to drug use, even after prolonged withdrawal,
remains a major problem in addiction treatment (Hunt

et al., 1971; O’Brien, 1997). Decades of research have consis-
tently identified the roles of the mesocorticolimbic (MCL) sys-
tem in reward, motivation, learning, and memory. Whereas
neuroplasticity changes within this system has been linked
to compulsive drug seeking and taking behavior (Goldstein

and Volkow, 2002; Robinson and Berridge, 2008; Wise
and Rompre, 1989), such motivationally linked neural cir-
cuitry is also activated in response to natural rewards such
as palatable food, although drugs of abuse are known to in-
duce dopamine (DA) release that is far greater in magnitude
and longer in duration than food delivery (Di Chiara and
Imperato, 1988). Recent evidence suggests that in some cir-
cumstances, intermittent access to sugar can lead to behav-
ioral and neurochemical changes that resemble the effects
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of a substance of abuse (Avena et al., 2008). However, since
DA release is greater following abused drugs than natural
rewards, one might postulate that after chronic exposure,
drug-associated long-term alterations in neural function
and circuit remodeling will not only at least partially overlap
across reinforcers, the more profound drug-induced DA sig-
naling may also induce maladaptation that lead to addiction.
Nevertheless, differentiating neuroadaptations caused by
natural and drug rewards remain to be explored.

The SA reinstatement model has been developed to investi-
gate the behavioral, environmental, and neural mechanisms
underlying drug relapse. In these studies, animals are typically
trained to lever-press for drug infusions paired with discrete en-
vironmental cues, followed by abstinence or extinction training
for a certain period of time (Epstein et al., 2006). Accumulat-
ing data suggest that this model captures at least part of the
neurobiological aspects of human relapse, including persistent
drug seeking, increased motivation to obtain drug, and relapse
to drug use when subsequently exposed to stress, drug, or drug-
related cues (Ahmed and Cador, 2006; Vanderschuren and
Everitt, 2004). Although there have been extensive studies
elucidating the molecular, cellular, and electrophysiological
mechanisms of neuroadaptations in this model (Epstein
et al., 2006; Shaham et al., 2003), systems-level investigation
of brain circuitry changes resulting from drug exposure and
withdrawal remains scarce.

Recent advances in understanding the functional connectiv-
ity of the brain present novel opportunities to pursue this ques-
tion. Resting-state functional connectivity (rsFC) is the term
given to task-independent low-frequency synchronized activity
across distant brain regions. It has been observed not only in
humans (Fox et al., 2005; Greicius et al., 2003), but also in non-
human primates (Vincent et al., 2007) and rodents (Lu et al.,
2007; Lu et al., 2012a; Majeed et al., 2009; Pawela et al.,
2008; Zhang et al., 2010; Zhao et al., 2008). Connectivity pat-
terns revealed by this technique show remarkable correspon-
dence with networks explicitly activated during cognitive
tasks (Smith et al., 2009). Furthermore, the strength of rsFC
circuits can predict subsequent task activation (Zou et al.,
2012) and behavioral performance (Kelly et al., 2008; Liang
et al., 2013; Seeley et al., 2007; Zou et al., 2012). Specific
changes in functional connectivity strength have been reported
in drug-dependent populations, including cocaine (Gu et al.,
2010; Tomasi et al., 2010), nicotine (Hong et al., 2009), and
heroin (Ma et al., 2010) [Sutherland et al. (2012) for a recent
review]. However, cross-sectional human imaging studies are
inherently limited in their ability to distinguish whether differ-
ences in functional connectivity are caused by drug exposure
per se or they reflect a pre-existing drug-dependent liability.

In the present study, we employed rsFC to investigate
systems-level neuroplasticity in a reinstatement addiction
model consisting of long access (LgA) cocaine self-
administration (SA) followed by 30 days of forced absti-
nence. Given that a priming dose of cocaine will precipitate
reinstatement of drug-seeking behavior (Shaham et al.,
2003), we acquired resting-state functional magnetic reso-
nance imaging (fMRI) data before and after an acute cocaine
injection. Following the demonstration that specific MCL
circuits have reduced connectivity strength in human cocaine
addicts (Gu et al., 2010), we hypothesized: (1) cocaine SA
specific reductions in rsFC between MCL system nodes,
(2) the strength of such alterations will reflect cocaine SA

intake history, and (3) an acute cocaine injection will enhance
specific rsFC circuits known to mediate behavioral reinstate-
ment. To control for nonspecific contextual and learning effects
and motor behavior from those specifically caused by cocaine
SA and abstinence, we also scanned a separate group of animals
that underwent similar SA training procedures using oral su-
crose as a reinforcer. We further hypothesized that difference
in functional connectivity between cocaine and sucrose groups
likely reflects alterations specific to cocaine SA and abstinence.
Additionally, we also included a training- and drug-naı̈ve group
to establish a functional connectivity baseline that is unbiased
by the behavioral training history.

Materials and Methods

Subjects

Thirty-eight male Long-Evans rats (Charles River Laborato-
ries, Wilmington, MA) started the study at *12 weeks of age.
All procedures were reviewed and approved by the Animal
Care and Use Committee of both the University of Pennsylva-
nia and the National Institute on Drug Abuse (NIDA-IRP).

Experimental design

The experiment involved two phases, a SA phase and an im-
aging phase, with the former conducted at the University of
Pennsylvania and the latter at NIDA. Rats were divided into
three groups: cocaine SA, sucrose SA, and sedentary controls.
Rats destined for cocaine SA were surgically implanted with
a jugular catheter, allowed 6 days for recovery and then trained
to SA cocaine (see SA procedures). The sucrose group received
identical SA training, but was reinforced with oral sucrose.
After 14 days of 1 h SA sessions, both SA groups were sub-
jected to 20 days of long-access (LgA) SA sessions and week-
end discrimination test sessions followed by 1 month (30–34
days) of abstinence. The housing control group underwent nei-
ther surgery nor subsequent behavioral training. Approximately
half way through the month-long abstinence period, animals
were transported to the NIDA-IRP where the caging, bedding,
food, and light cycle were identical to that used at the Univer-
sity of Pennsylvania. Imaging procedures were conducted ap-
proximately 2 weeks after the animals arrived at NIDA.

SA procedures

Surgery and postoperative maintenance. Animals from
cocaine and sucrose groups were deeply anesthetized with
ketamine (30 mg/kg, IP) and xylazine (5 mg/kg, IP). A cath-
eter was implanted in the external jugular vein and passed
subcutaneously to the top of the back where it exited into a
connector. After surgery, animals were flushed daily with
0.2 mL of an ampicillin solution (0.1 g/mL) containing hep-
arin (300 IU/mL) to maintain patency. Rats were given free
access to water, but were restricted to 15–20 g of food each
day to maintain their body weight at *370 g.

Apparatus. Training and testing sessions were conducted
in Plexiglas operant chambers (34 · 23 · 29 cm; l · w · h)
placed inside sound attenuating cubicles. Each chamber
was equipped with a response lever, a cue light, which was
located above the lever, a syringe pump for sucrose or co-
caine delivery, and a speaker at the top of the chamber.
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Training phase. Animals in the cocaine-SA group (n =
13) were first trained to SA cocaine (0.75 mg/kg/infusion)
in daily 1-h sessions under a fixed-ratio-1 schedule of rein-
forcement. A contextual odor cue consisting of a cotton
swab soaked in either a lemon or a vanilla scent (Pure
Lemon Extract and Pure Vanilla Extract; McCormick) was
placed underneath the chamber floor. Scents were counter-
balanced between animals. Each cocaine infusion (FR = 1)
was paired with a 7-sec illumination of a cue light and an au-
ditory tone. An 8-sec time-out period followed each rein-
forced lever press, during which responding was recorded,
but not reinforced.

Animals in the sucrose-SA group (n = 13) were exposed to
the same pretraining and odor exposure and training, except
for the following: (1) each reinforced lever-press was fol-
lowed by delivery of a 32% sucrose solution into a drinking
well (0.2 mL over 10 sec) and (2) the number of sucrose in-
fusions was matched to the daily number of cocaine infu-
sions earned by the cocaine group. SA training continued
for 14 days for both groups. Data from the odor discrimina-
tion and cue responses are presented in a companion paper.

Long-access SA sessions. After the initial training phase,
cocaine- and sucrose-SA sessions were extended from 1 to 6-h
per day (referred to as long-access, LgA sessions); LgA training
continued for an additional 20 days.

Imaging procedures

MRI preparation procedures were similar to those previously
reported (Lu et al., 2007). Briefly, on scan days, rats were anes-
thetized with 2% isoflurane in 1:1 mixture of oxygen and air.
Catheters were placed in a femoral artery for blood sampling
and blood pressure monitoring and a femoral vein for drug ad-
ministration. Animals were intubated using a customized
T-shaped trachea tube to maintain artificial ventilation and to
bypass exhaled air into a gas analyzer for continuous monitoring
of end-tidal CO2 and O2. Core body temperature was main-
tained at 37.5�C – 0.5�C with a water-circulating pad. After sur-
gery, anesthesia was switched to continuous IV infusion of
propofol (35 mg/kg/h). We also conducted task-based fMRI ex-
periments in the same cohorts of animals with contextual cues
(odor) and cocaine challenge (Lu et al., 2012b, 2013). Given
the profound pharmacological effects of anesthetics on neuro-
vascular coupling and brain function, we had performed pilot
studies with a number of commonly used anesthetics to find
the ‘‘best’’ agent. Results suggested that animals anesthetized
with propofol gave reasonable fMRI signals in all three types
of experiments. We thus chose propofol for this study. A neuro-
muscular blocking agent (pancuronium bromide, 1.5 g/kg/h, IV)
was administered to further minimize motion artifacts. This
preparation allowed us to monitor and maintain critical auto-
nomic parameters within a constant and normal physiologi-
cal range. Superparamagnetic contrast agent Ferumoxtran-10
(Advanced Magnetics, Cambridge, MA) was administered
(15 mg/kg, IV) to achieve cerebral blood volume contrast,
which greatly enhances the sensitivity and functional specificity
of the fMRI signal (Vanduffel et al., 2001).

Data acquisition

fMRI experiments were performed on a Bruker Biospin
9.4T scanner (Bruker Medizintechnik, Karlsruhe, Germany).

A volume coil was used for RF excitation, and a circular
surface coil for signal reception. The anterior commis-
sure (�0.36 mm from bregma, Paxinos and Watson, 2007)
was used as a fiducial landmark to localize slices consistently
across animals. Following initial localization scans, a Rapid
Acquisition with Relaxation Enhancement sequence was
used to acquire high-resolution anatomical images in the cor-
onal plane, which was used for subsequent image registra-
tion. Scan parameters were: 23 slices, slice thickness of
1 mm, TR = 2650 ms, effective TE = 40 ms, field of view
(FOV) = 30 mm, matrix size = 192 · 192, data were zero-
padded to 256 · 256 for image reconstruction. Resting-state
BOLD fMRI data were acquired using a single-shot,
gradient-echo EPI sequence with the following parameters:
11 slices, thickness = 1 mm, TR = 1s, TE = 11 ms, FOV = 30
mm, matrix size = 64 · 64, in-plane resolution = 0.469 mm2.
A total of 520 volumes were collected during each session.
Two resting-state fMRI scans were performed: one in the ab-
sence of any acute drug manipulation that modeled the addic-
tion trait, and a second after a saline injection (0.3 mL, IV)
and two cocaine injections (0.75 mg/kg/injection, IV),
intended to model the drug-induced reinstatement condition.
Data collection failed for one housing control rat during the
second resting scan.

Data analysis

Resting-state fMRI data from individual animals were reg-
istered to a common space (Lu et al., 2007, 2010) and sub-
jected to the following preprocessed pipeline using the
Analysis of Functional NeuroImaging (AFNI) software
package (Cox, 1996): slice timing correction, linear and qua-
dratic trend removal, band-pass (0.005–0.1 Hz) filtering, and
spatial smoothing (0.6 mm FWHM). The average signal time
course from ventricle and white matter (WM) regions of in-
terests (ROIs), thought to reflect global physiological noise
in the BOLD signal, was removed from gray matter signal
through linear regression. Even though there were no
group differences in CO2 or BP levels, since both parameters
could potentially influence the hemodynamic signal, we also
performed the rsFC analysis with BP and end-tidal CO2 as
confounding variables. The spatial patterns using these addi-
tional regressors were consistent with only using CSF and
WM. Since these data were not available for all rats, only
the CSF and WM regressed data are reported in this study.

Five seed regions from the MCL system, serving as ROIs
for the functional connectivity analysis, were anatomically
defined (Paxinos and Watson, 2007) unilaterally across the
midline in the prelimbic (PrL) (16 voxels) and anterior cin-
gulate cortex (CG1/2, ACC) (12 voxels), and bilaterally in
the nucleus accumbens core (AcbC, 8 voxels) and shell
(AcbS, 12 voxels), and dorsal caudate-putamen (CPu, 18
voxels) (Fig. 1). Each seed ROI was manually drawn on
the coronal slice with the largest representation of the region
to minimize potential errors in registration and partial vol-
ume effects. A bilateral primary somatosensory cortex
(S1FL) ROI (18 voxels) served to (1) validate our processing
strategy and (2) as a control region for effect specificity.
A cross-correlation coefficient (cc) map for each seed
ROI was obtained by correlating the average time course
from the seed with the time course of every voxel in the
brain. The cc maps were then transformed by Fisher’s
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z-transformation (z = ½ · ln[(1 + cc)/(1�cc)]) to approach a
normal distribution.

One sample t-tests against the null hypothesis were
conducted on each of the three groups (data from the two
resting-state MRI scans, pre- and post-cocaine injections
were averaged together). A threshold of p < 0.005 uncor-
rected (t > 3.49 for the control group, d.f. = 11; t > 3.42 for su-
crose and cocaine groups, d.f. = 12) together with a cluster
size of 13 voxels was required to reach p < 0.005, corrected
for multiple comparisons, based on Monte Carlo simulations
(Cox, 1996) was used to generate functional connectivity
maps for each group. Linear mixed-effect (LME) modeling
was constructed for 3 (GROUPS) · 2 (DRUG condition;
pre/post cocaine injection) analyses using 3dLME from the
AFNI software package, a front-end to the LME routine
from the R statistics package (R Development Core Team,
2010; www.R-project.org). To improve the sensitivity of
detection while still controlling for the false positive rate, a
threshold of uncorrected p < 0.01 (F > 5.26 for GROUP,
F > 7.44 for DRUG, and F > 5.29 for interaction effects),

combined with a cluster threshold of seven voxels, was used
to obtain corrected p < 0.05, with the further restriction that
significant clusters must also overlap with regions shown to
be significant in at least one group connectivity map (the
group connectivity map applied in this study was corrected at
a threshold of p < 0.01). The variable cluster size thresholds
reflect different number of comparisons across the five seed
connectivity maps. For regions that showed significant
GROUP main effects, whole brain, voxel-wise post hoc an-
alyses were conducted to test for significance between the
cocaine and sucrose, cocaine and control, and sucrose and
control groups. A threshold of uncorrected p < 0.01 com-
bined with a cluster threshold of 7 voxels was used to obtain
p < 0.05 corrected post hoc results, which were considered
significant only if they overlapped with the regions showing
significant GROUP effects.

Exploratory connectivity-behavioral analyses were con-
ducted between rsFC circuits that showed a main effect of
either GROUP or DRUG against cocaine escalation index
(CEI) defined as [cocaine intake during the last SA session
minus intake on the first SA session]. For regions that showed
significant cocaine GROUP effects, a Pearson correlation be-
tween the average rsFC of the two resting state scans and CEI
was calculated for the cocaine-SA rats. For regions showing a
significant DRUG effect, Pearson correlation was calculated
separately for the two resting-state scans.

To test the robustness of our results and appropriateness of
our analysis pipeline, we performed a reverse direction rsFC
analysis, such that target regions from our seed ROIs that
showed significant GROUP and DRUG main effects were
redefined as new seeds and identical rsFC calculations and
LME modeling were conducted as above. We expected
that the new seed regions would show essentially similar
GROUP or DRUG effect to the a priori anatomical seed re-
gions as rsFC analysis measures the coherence between two
regions, which should result in relatively consistent re-
sponses whether area A or B is taken as the seed. Further-
more, because rsFC cannot ascertain directionality (and
thus none are implied in this report), in this article we use
the term target only to distinguish the resultant coherent re-
gions from the chosen seed location of the analysis.

Results

Behavioral characterization

As expected from previous studies, the amount of cocaine
self-administered by rats escalated over the course of the SA
sessions. Results are shown in Figure 1A. One-way repeated
measures ANOVA with post hoc Dunnett’s test revealed that
starting on the fourth day, there was a significant increase in
cocaine infusions ( p < 0.05), reaching 90 – 4 on the 20th day.
Rats in the sucrose-SA group were individually matched
with those in the cocaine-SA group for number of reinforc-
ers/sessions; thus both groups had identical escalation pat-
terns. Furthermore, both cocaine- and sucrose-SA rats
learned to discriminate the odors pared with cocaine or su-
crose administration, as shown in Figure 1B.

Functional connectivity in the sedentary control group

The rsFC maps derived from the six seed ROIs in the sed-
entary control group (Fig. 2) are generally consistent with

FIG. 1. The amount of cocaine self-administered by rats
escalated over time (A). Significant increase in cocaine in-
fusions occurred on day 4 (#p < 0.05, one-way ANOVA
with post hoc Dunnett’s test). (B) Both cocaine and sucrose
SA rats showed significantly greater number of bar presses
when presented with odors previously paired with the deliv-
ery of the reinforcers (S + ) than no odor pairing (S�), indi-
cating successful odor discrimination (*p < 0.001).
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known neuroanatomical connections as defined using tradi-
tional tract tracing methods (Groenewegen et al., 1999;
McGeorge and Faull, 1989; Voorn et al., 2004). For example,
the PrL (Fig. 2A) and ACC (Fig. 2B) seeds revealed significant
overlapping rsFC maps with regions, including CPu and thal-
amus (Th) as well as with each other; the PrL functional con-
nectivity pattern also extended to infralimbic cortex (IL) and
ventral and medial orbital cortices. The AcbC (Fig. 2C) and
AcbS (Fig. 2D) exhibited functional connectivity with PrL,
most basal ganglia nuclei (CPu, Acb, globus pallidus [GP],
and ventral pallidum [VP]), and extended amygdala, including
basal nucleus and bed nucleus of the stria terminals (BNST). In
addition, significant connectivity was observed between AcbC
and ACC and between AcbS and IL. The dorsal CPu (Fig. 2E)
was functionally connected bilaterally with dorsal and ventral
CPu and with GP, ACC, amygdala, hypothalamus, and struc-
tures comprising the extended amygdala (VP, BNST). Finally,
BOLD fluctuations in the control seed S1FL (Fig. 2F) were
significantly correlated with bilateral S1 and S2 cortex, as
expected from known neuroanatomy and previous rat imaging
studies [e.g., Lu et al. (2007)].

Effects of behavioral training on functional connectivity

We next examined the effects of chronic operant behavioral
training on functional connectivity. ANOVA revealed signifi-
cant GROUP main effects between five seed–target pairs.
However, post hoc analyses revealed that the cocaine-SA
group uniquely showed reduced circuit strength only in two
of these circuits: between PrL and right entopeduncular (EP)
nucleus (Fig. 3A) and between AcbC and dorsomedial prefron-
tal cortex (dmPFC, including PrL and ACC/CG1) (Fig. 3B)

when compared with the sedentary group, which did not differ
from the sucrose-SA group. In contrast, rsFC decreased in both
the cocaine- and sucrose-SA groups compared to the sedentary
group between the right dorsal CPu and left CPu (Fig. 3C) and
the PrL and bilateral CPu (Fig. 3D).

When examining the effects of acute cocaine administra-
tion on circuit strength, significant DRUG main effects
were seen only between two pairs of seed–target areas: (1)
AcbC and right hypothalamic preoptic area (POA) (Fig.
4A) and (2) AcbS and right VP-substantia innominata (SI)
(Fig. 4B). Whole-brain post hoc analyses revealed that
acute cocaine challenge increased rsFC in both regional
pairs. There were no significant GROUP · DRUG interac-
tions from any of the six seed ROIs. Importantly, there was
no difference in either CO2 or BP during scan acquisition
across the three groups following cocaine challenge; how-
ever, there was a significant DRUG main effect after the co-
caine injection manifested as a decrease in BP (Table 1).

We next explored the relationship between the above rsFC
alterations and individual animal cocaine SA history based
upon CEI. We found that rsFC strength between AcbC and
dmPFC, areas also showing a GROUP main effect (depicted
in Fig. 3B), positively correlated with CEI (Fig. 5).

As an important quality control for our analysis pipeline
and to test the robustness of the above results, the target re-
gions that showed significant GROUP (Fig. 3) and DRUG
(Fig. 4) main effects were next taken as new seeds in an iden-
tical LME model analysis. As expected, the new rsFC cir-
cuits generally recapitulated the results from the original
seeds, such that reduced connectivity was seen within CPu
and between PrL and CPu in both SA groups compared to
the housing control and increased connectivity seen between

FIG. 2. rsFC maps derived from
the six seed ROIs in the housing
control group of rats ( p < 0.01,
corrected for multiple comparison).
The seed ROI locations are shown
in rectangles in each row. (A) Pre-
limbic cortex (PrL); (B) anterior
cingulated (ACC); (C) nucleus
accumbens, core (AcbC); (D) nu-
cleus accumbens, shell (AcbS); (E)
dorsal caudate-putamen (dCPu);
and (F), primary somatosensory
cortex (S1FL). The number beneath
each panel indicates coronal slice
location relative to bregma. The
right side of each brain section
corresponds to the left hemisphere.
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AcbC and POA and AcbS and VP/SI after an acute cocaine
challenge (data not shown in this study).

Finally, and as expected, rsFC from the control S1FL seed
ROI revealed no significant GROUP or DRUG main effects
or GROUP · DRUG interactions, supporting the selectivity

FIG. 3. rsFC GROUP main effects dif-
ferences between cocaine, sucrose, and
housing control group. Brain areas
showing a significant GROUP effect
when seed ROIs (blue rectangles) were
located at PrL (A, D), AcbC (B), and
dCPu (C). Abbreviations are the same as
in Figure 1. Bar plots compare
mean Fisher’s-z score between the seed
region and target voxels depicted on the
slices above the graph, averaged across
the two resting-state scans in each group
(mean – SD). ‘‘*’’ indicates significance
at p < 0.05. Decrease in rsFC strength
between the two groups based on whole
brain voxel-wise post hoc analyses.

FIG. 4. rsFC DRUG main effects pre- and postcocaine ad-
ministration. Regions showing a significant increase in
rsFC after cocaine administration when seed ROIs (blue rect-
angles) were located in the AcbC (A) and AcbS (B). Abbre-
viations are the same as in Figure. 1. Graph compares mean
Fisher’s-z score between the seed region and all the voxels in
the region above the graph averaged across the three groups
(mean – SD). Pre corresponds to the first resting-state scan
before acute cocaine challenge, and post corresponds to the
second resting-state scan after acute cocaine challenge.

Table 1. Blood Pressure and End-Tidal CO2

Measurements Before and After

Acute Cocaine Challenge

Groups
BP (mmHg)
(mean – SD)

CO2 (%)
(mean – SD)

Precocaine
Control rats 124.73 – 35.23 2.54 – 0.21
Sucrose-SA rats 130.02 – 32.24 2.47 – 0.12
Cocaine-SA rats 130.15 – 32.18 2.45 – 0.24

Postcocaine
Control rats 112.56 – 35.08 2.57 – 0.24
Sucrose-SA rats 114.96 – 30.95 2.41 – 0.21
Cocaine-SA rats 120.02 – 33.41 2.44 – 0.21

BP and end-tidal CO2 measurements were recorded during the
two resting-state scans. Data from 1 cocaine-SA rat and 1 sucrose-
SA rat were not available. Following 3dLME analysis in AFNI,
there was no significant Group · Drug interaction, Group or Drug ef-
fect for neither BP nor end-tidal CO2 ( p > 0.05). There was a signif-
icant Drug effect of BP ( p < 0.05), with decreased BP in the post
cocaine resting-state scan.
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and specificity of the above MCL alterations. Table 2 details
all significant connectivity results.

Discussion

As the MCL system has long been implicated in processing
motivated behaviors (Goldstein and Volkow, 2002; Kalivas
and O’Brien, 2008), we employed a modification of a preclin-
ical drug addiction and drug re-exposure priming model to test
the hypothesis that specific regional alterations within key

MCL circuits demonstrate persistent neuroadaptations mani-
fested as differences in circuit coherence strength using rsFC
analyses. We interrogated the system at a 30-day withdrawal
time point consistent with that shown capable of reinstating
cocaine-seeking behavior (Shaham et al., 2003).

Only two circuits, those between PrL and EP nucleus and
AcbC and dmPFC, uniquely distinguished the cocaine-SA
group, such that circuit strength was reduced compared
with a housing group; circuit results from a sucrose-SA
group was of intermediate strength and did not differ from
either of the other two groups. Furthermore, the strength of
the AcbC-dmPFC connection predicted the acceleration of
cocaine intake during the SA period. Three additional cir-
cuits distinguished both SA groups from the housing con-
trol group, with decreased connectivity between the left
and right CPu and between PrL and CPu. In contrast, acute
cocaine challenge enhanced AcbC to POA and AcbS to
VP/SI circuits.

Previous human imaging studies have revealed reduced
gray matter density (Matochik et al., 2003) and metabolic ac-
tivity in the PFC (Goldstein and Volkow, 2002) in drug-
dependent individuals. Impaired frontal lobe and striatal
functional responses are seen in cocaine-dependent individ-
uals performing a number of cognitive tasks [e.g., Goldstein
et al. (2009); Kaufman et al. (2003)]. Relevant to the cur-
rent study, we have reported reduced resting circuit strength
between dorsal anterior cingulate and ventral striatum in hu-
man cigarette smokers that was negatively correlated with
nicotine addiction severity (Hong et al., 2009). Human stud-
ies have also consistently reported reduced striatal D2 recep-
tor binding, reduced DA release, and reduced frontal
metabolism in cocaine dependence (Volkow et al., 1993,
1997). Consistent with these findings, our cocaine-SA
manipulation induced specific rsFC alterations limited
to dmPFC-AcbC and PrL-EP circuits, suggesting unique
functional circuit consequence to drug-induced plasticity.
Taken together with other preclinical studies reporting al-
tered cortical–striatal structural and functional consequences
following chronic stimulant administration [e.g., Robinson
and Kolb (2004)], these data may help explain the persis-
tent cognitive and behavioral dysregulation seen in drug-
dependent individuals (Kolb et al., 2003). Our neuroimaging
data may thus provide a link for translating preclinical mod-
els directly to human clinical research.

FIG. 5. Positive correlation between rsFC strength and the
escalation in cocaine SA. In this study, escalation is defined
as the difference in total number of lever presses during the
first and the last SA session. (A) Location of the AcbC seed
ROI and the significant connectivity strength to dmPFC (PrL
and ACC/Cg1). Reproduced from Figure 3B for easy com-
parison. The insert bar graph plots Fisher’s-z score between
the AcbC and target dmPFC from the control and cocaine SA
groups (mean – SD). (B) Scatter plot of individual animals in
the cocaine SA group versus rsFC data averaged over the two
resting-state scans for individual rats. (*p < 0.05).

Table 2. Main Effects in Brain Regions

Seed Projections Number of voxels Peak F value Location relative to bregma

GROUP main effects
dCPu L- CPu/GP. Fig. 2C) 75 13.09 (�2.36)–1.64
PrL L- CPu/GP. Fig. 2D) 9 8.32 �2.36

R- CPu/S. Fig. 2D) 10 9.79 (�0.36)–0.64
R- EP/Th. Fig. 2A) 15 8.43 0.64–1.64

AcbC PrL/ACC. Fig. 2B) 23 11.63 1.64–4.64

DRUG main effects
AcbC R- POA/BNST. Fig. 3A) 10 17.51 (�1.36)–(�0.36)
AcbS R- VP/AcbS/SI/S/POA. Fig. 3B) 15 20.14 (�0.36)–1.64

Data from a 3. GROUP) · 2. DRUG) ANOVA model. Voxel size: 0.469 · 0.469 · 1 mm3.
CPu, caudate-putamen; dCPu, dorsal CPu; GP, globus pallidus; PrL, prelimbic cortex; S, septum; EP, entopeduncular nucleus; Th, thal-

amus; AcbC, nucleus accumbens, core; ACC, anterior cingulate cortex; cingulate cortex, area 1; POA, hypothalamic preoptic area; BNST,
bed nucleus of the stria terminalis; AcbS, nucleus accumbens, shell; VP, ventral pallidum; SI, substantia innominata; R/L, right/left.
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We further found that the connectivity strength of the
dmPFC-AcbC circuit was positively correlated with an ani-
mal’s cocaine SA escalation pattern. Extracellular recordings
in behaving animals have shown that basal firing rates of Acb
neurons decrease across daily cocaine SA sessions (Peoples
et al., 1999, 2007), which is associated with escalation in co-
caine SA. Additionally, greater drug exposure leads to a
greater compensatory glutamatergic adaptation during absti-
nence (Wolf, 2010). Altogether, these data demonstrate that
repeated cocaine SA is associated with decreases in excitatory
synaptic and neuronal activity in the Acb. It is possible that
these drug exposure-induced neuroadaptations centered
within the Acb contributed to the intake-dependent alterations
in frontal–accumbens circuit connectivity in the present study.

The second circuit showing cocaine specific decreased
rsFC was between PrL and EP. The EP in rodents is homol-
ogous to the internal segment of the primate GP, which sends
direct excitatory projections (Shabel et al., 2012) to the lat-
eral habenula (LHb). The habenula is uniquely positioned,
anatomically and functionally, to modulate circuits involved
in negative reward learning. Despite its emerging role in me-
diating reward signaling (Matsumoto and Hikosaka, 2007),
with a few notable exceptions (Brown et al., 1992; Fowler
et al., 2011; Zhang et al., 2005), the habenula has been little
explored in drug addiction. Interestingly, the LHb and its pri-
mary output pathway, the fasciculus retroflexus, were identi-
fied as uniquely susceptible to cocaine- and nicotine-induced
toxicity (Ciani et al., 2005; Ellison, 2002).

In contrast to the decreased MCL circuit connectivity dur-
ing abstinence, enhanced circuit strength was seen following
acute cocaine administration in a more restricted network be-
tween Acb and VP/SI/POA. These brain regions all send di-
rect projections to the LHb, and together with the reduced
PrL cortex circuitry to the EP discussed above, support a
role for the habenula in mediating both the tonic and phasic
cocaine effects in this preclinical addiction model. For exam-
ple, as the LHb is responsible for communicating negative
reward signals to midbrain DA neurons (Matsumoto and
Hikosaka, 2007), decreased connectivity in circuitry target-
ing the habenula (PrL-EP) during prolonged abstinence
might contribute to the negative/aversive state experienced
during withdrawal, whereas enhanced connection strength
after cocaine re-exposure may play a role in cocaine priming
induced reinstatement as shown in a similar preclinical
model (Shaham et al., 2003), perhaps by producing or mod-
ulating a positive affective state. Altogether, our findings
provide some of the first functional evidence of drug-induced
neuroplastic changes leading to altered LHb-related circuit
activity and speak to its potential significance in drug addic-
tion development.

We found decreased connectivity strength within a PrL to
CPu circuit in both cocaine- and sucrose-SA groups. Since
this circuit has been implicated in acquired habit behaviors
(Hyman et al., 2006), these data might reflect common learn-
ing experience across the two operant groups. Well-learned
instrumental skills result in neuroadaptations within loops
associated with habit-driven behaviors (Belin and Everitt,
2008). Indeed, activation of CPU neurons decreased in over-
trained rats (Carelli et al., 1997). A decrease in CPu to CPu
rsFC following LgA SA further suggests that local circuit
plasticity in information processing underlying well-learned
instrumental skills (Reep et al., 2003) may reflect the transi-

tion from initial goal-directed behavior to habitual behavior,
mechanisms not only specific for drugs of abuse but also ob-
served with food reward (Barnes et al., 2005; Everitt et al.,
2008; Jog et al., 1999).

The spatial resolution of fMRI is far from adequate to
identify whether similar or different striatal cells contributed
to the differential Acb to dmPFC circuit strength seen in the
cocaine SA group. Recently, Cameron and Carelli (2012)
identified populations of accumbens cells that responded to
both sucrose and cocaine, but also distinct subpopulations
that were uniquely tuned to each reinforcer. They further
reported a shift in cell firing preference after a 30 day
enforced abstinence period similar to that used in this
study. Specifically, after withdrawal, there was a decrease
in sucrose-sensitive cells concomitant with an increase in
the percentage of cells responsive to cocaine. Their data sug-
gested a functional segregation of circuits within the Acb that
selectively compute distinct rewards, a conclusion also made
by Koya and colleagues (2009) who demonstrated that a
small subset of neurons in the Acb was responsible for al-
tered drug–environmental context-specific behaviors.

rsFC as a potential biomarker of addiction is an emerging
concept [Sutherland et al. (2012) for review]. Several recent
studies have reported decreased MCL rsFC in active nicotine
(Hong et al., 2009) and cocaine (Gu et al., 2010; Tomasi
et al., 2010) users. Gu and colleagues (2010) also showed a
VTA to striatal circuit that negatively predicted years of co-
caine use, whereas Hong and colleagues (2009) reported a
dorsal anterior cingulate to ventral striatal circuit that nega-
tively predicted nicotine addiction severity. Although these
human circuits do not perfectly overlap the reduction in
MCL circuit strength reported in this study, species differ-
ences, ROI selection, anatomical specificity, anesthesia,
and differences between the SA-forced abstinence model
and the more uncontrolled and variable drug use pattern in
human participants likely account for these small disparities.
Nevertheless, these closely replicated data supports the use
of preclinical imaging models in future addiction therapeutic
development.

Compared with results from task-based fMRI

As stated above, we also performed fMRI studies in the
same cohorts of animals using acute cocaine challenges
(Lu et al., 2012b). Compared to the strong positive fMRI re-
sponses seen in the sedentary control group, both the
cocaine- and sucrose-SA groups demonstrated very similar
initial negative fMRI responses followed by attenuated pos-
itive responses. The most salient finding that distinguished
the cocaine-SA from the sucrose-SA group was the fMRI re-
sponse in the medial PFC (IL, PrL, Cg1/Cg2), which signif-
icantly correlated with the total amount of reinforcer intake
during the training sessions for the cocaine-SA, but not for
the sucrose-SA group.

Before the rsMRI scans, animals were also presented with
odor cues previously associated with or without (S + /S�) rein-
forcer (cocaine/sucrose) availability while undergoing func-
tional MRI scans (Liu et al., 2013). Results demonstrated a
learning effect distinguishing S + from S� in the insula and
nucleus accumbens, with the insula response reflecting the in-
dividual history of cocaine SA intake. A main effect of group,
distinguishing cocaine from sucrose, was seen in the mPFC
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and dorsolateral striatum. Critically, only the dorsomedial
striatum demonstrated a double dissociation between the two
SA groups and learning (S + vs. S�).

Although rsMRI and task-based fMRI (acute cocaine chal-
lenge and contextual odor cues) probe dramatically different
aspects of brain processes, data from the same cohort of an-
imals point to neuroadaptations in mPFC, dorsomedial stria-
tum, consistent with recent evidences emphasizing their roles
in cocaine-seeking behavior (Belin and Everitt, 2008; Chen
et al., 2013).

Caveats and technical considerations

An important caveat is required about all studies that
employ rsFC. Although it is assumed that functional connec-
tivity reflects mostly monosynaptic pathways, functional
correlations are also possible through polysynaptic connec-
tions, suggesting that rsFC may reflect both direct and indi-
rect synaptic influence (Honey et al., 2009). For example,
both control groups showed connectivity between PrL and
EP, whereas significant coherence was absent in the cocaine
group, likely as a result of local circuit alterations. Although
no direct anatomical connections are known between these
areas, since direct PrL-CPu and CPu-EP anatomical projec-
tions are known to exist (Fink-Jensen and Mikkelsen,
1989; Vertes, 2004), the PrL-EP functional connectivity
may have occurred through a CPu intermediary node.
Present findings supporting this are strong PrL-CPu coher-
ence in the housing group and decreased PrL-CPu and
CPu-CPu connectivity in both SA groups, suggesting striatal
mediation of the PrL-EP circuit. Indeed, the back projection
analysis not only replicated our main results, but also provi-
des evidence of complex brain circuitry consistent with con-
vergent/divergent patterns of anatomical connections.

Several potential limitations of this study should be noted.
The hypothesis-driven seed-based approach to interrogate
specific MCL system plasticity should not be considered an
exhaustive exploration of all circuit alterations, as other
seed regions along with such data-driven methods as inde-
pendent component analysis may reveal additional neuro-
plastic circuitry. Furthermore, as mentioned above, rsFC
cannot distinguish directionality of a circuit; and while
in vitro tract tracing can do so, it yields a pure anatomical
measure. Virtually all brain circuits are known to be recipro-
cal, and virtually all integrate information from multiple
relay regions (Llinas, 1988). Thus, anatomical directionality
knowledge would not necessarily presage functional pro-
cessing directionality. rsFC maps from certain seed areas,
for example, the AcbS and AcbC, are very similar. This
was likely caused by the intrinsic spillover effect of the he-
modynamic response signal and the relatively coarse imag-
ing resolution. High-resolution rsMRI is necessary to truly
distinguish rsMRI networks in closely situated areas.

Another potential limitation is that imaging took place
only at a single time point. Although vastly more difficult
to perform, and with its own challenges and limitations, it
would be useful to obtain rsFC data at baseline, at one or
more time points during LgA SA and at several time points
along the withdrawal period to determine the trajectory of
the observed rsFC changes. Such within-subjects design is
likely to reveal the time course of the putative neuroplasticity
observed in this between-subjects design and may have dem-

onstrated other more subtle circuit changes. Furthermore, ad-
ditional behavioral anchors would then be available to better
understand individual differences in the relationship between
SA behavior and circuit strength alteration.

Finally, this study employed propofol as the anesthetics.
We used relatively low doses, and a recent study from our
lab suggested that this dose could maintain neurovascular
coupling, and we were able to detect fMRI response to
acute cocaine challenge in the same group of animals (Lu
et al., 2012b). However, it is conceivable that the use of an-
esthesia may have modified the connectivity patterns. Never-
theless, spontaneous BOLD fluctuations, which are thought
to have its neuronal origin (Liu et al., 2011), demonstrate
generally consistent patterns in the anesthetized monkey
(Vincent et al., 2007) and rat (Lu et al., 2007); and the con-
nectivity patterns in sleeping humans (Horovitz et al., 2008)
are similar to that seen in the awake human. The rsFC maps
derived from our housing control group are in good agree-
ment with known MCL anatomical connections (Alexander
et al., 1986; Heidbreder and Groenewegen, 2003; Hoover
and Vertes 2007; Jones et al., 2005; Voorn et al., 2004),
are consistent with previous rsFC studies (Lu et al., 2007,
2011; Pawela et al., 2010), support our analysis pipeline ex-
amining group differences, and speak to the neurobiological
relevance of the findings. Nevertheless, we recently found a
default mode network in rats anesthetized with low dose of
isoflurane in combination with low dose of dexmedetomi-
dine (Lu et al., 2012a), which was not seen in animals anes-
thetized with propofol, suggesting that propofol may have
somewhat compromised rsMRI signal, at least with the
dose applied in this study.

To summarize, we demonstrated reduced rsFC within
PrL-EP and AcbC-dmPFC circuits in abstinent rats following
extended access cocaine SA; connectivity strength of the lat-
ter was positively correlated with drug exposure history. Fur-
thermore, cocaine re-exposure increased rsFC between Acb
and brain regions projecting to the LHb, a region emerging as
critical in aversive learning. Altogether, these data describ-
ing specific drug-induced brain network abnormalities ex-
tend our understanding of MCL system plasticity. Finally,
these data also suggest that differences seen in cross-
sectional studies between human drug addicts and nonusing
controls may be the result of, rather than a predisposition to
drug dependence, and by identifying potential circuit level
biomarkers of addiction, support the application of this trans-
lational model to explore therapeutic interventions to address
recidivism.
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