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a b s t r a c t
Adolescents are highly vulnerable to addiction and are four times more likely to become addicted at ﬁrst exposure than at any other age. The dopamine D1 receptor, which is typically overexpressed in the normal adolescent
prefrontal cortex, is involved in drug cue responses and is associated with relapse in animal models. In human
drug addicts, imaging methods have detected increased activation in response to drug cues in reward- and
habit-associated brain regions. These same methods can be applied more quantitatively to rodent models.
Here, changes in neuronal activation in response to cocaine-conditioned cues were observed using functional
magnetic resonance imaging in juvenile rats that were made to over-express either D1 receptors or green ﬂuorescent protein by viral-mediated transduction. Reduced activation was observed in the amygdala and dopamine
cell body regions in the low cue-preferring/control juvenile rats in response to cocaine cues. In contrast, increased
activation was observed in the dorsal striatum, nucleus accumbens, prefrontal cortex, and dopamine cell bodies
in high cue-preferring/D1 juveniles. The increase in cue salience that is mediated by increased D1 receptor
density, rather than excessive cocaine experience, appears to underlie the transition from aversion to reward
in cue-induced neural response and may form the basis for habit-forming vulnerability.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The neural networks that underlie reward valuation and goaldirected behavior involve prefrontal cortex (PFC) innervation to the nucleus accumbens (NAc) (Grifﬁths et al., 2014). More speciﬁcally, D1 receptors on prelimbic PFC (plPFC) inputs to the NAc core modulate
cocaine self-administration and reinstatement associated with relapse
(McFarland et al., 2004; McLaughlin and See, 2003; Olsen and
Duvauchelle, 2006; Rebec and Sun, 2005). D1 receptor overexpression naturally occurs without drug exposure during adolescent
development (Brenhouse et al., 2008). Adolescent rats (postnatal day

Abbreviations: BLA, basolateral amygdala; BOLD, blood oxygenation level
determination; DSTR, dorsal striatum; fMRI, functional magnetic resonance imaging;
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magnetic resonance imaging; ROI, region of interest; SNc/r, substantia nigra pars
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44) have 4-fold higher expression of D1 receptors on plPFC glutamate
neurons projecting to the NAc relative to juvenile (postnatal day 27)
and adult (N90 days) rats (Brenhouse et al., 2008). This overexpression of D1 may render adolescents more vulnerable to drugassociated cues that are linked to addictive processes (Kalivas et al.,
2005). Similar over-expression of D1 mRNA has been observed in
human PFC during adolescence (Rothmond et al., 2012), suggesting
that similar processes exist between rat and human development. Typical adolescent rats both take more cocaine (Wong et al., 2013) and
show increased place preferences to cocaine-associated cues than
adults (Badanich et al., 2006; Brenhouse et al., 2008); these adolescent
preferences are reversible with plPFC microinjections of the D1 antagonist SCH-23390 (Brenhouse et al., 2008). To further conﬁrm the role of
D1 in adolescent responses to cocaine, we developed a lentiviral vector
that over-expresses D1 receptors on glutamate neurons to approximate
adolescent levels in adult rats. Behaviorally, adult rats that over-express
D1 on glutamate neurons take more cocaine and show increased place
preferences to cocaine-associated cues relative to control rats expressing green ﬂuorescent protein (GFP) (Sonntag et al., 2014).
Magnetic resonance imaging (MRI) in rats provides a translational
opportunity to assess brain function because this approach offers similar assessment methods to those used in humans. Blood oxygenation

http://dx.doi.org/10.1016/j.nicl.2015.06.012
2213-1582/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

S.B. Lowen et al. / NeuroImage: Clinical 8 (2015) 652–659

level dependent (BOLD) scans have been used to study activation patterns in response to drug-associated cues in adult humans and in animals. In human cocaine addicts, drug cues consistently increase BOLD
responses in the striatum (STR), basolateral amygdala (BLA), ventral
tegmental area, anterior and prefrontal cortex (PFC), hippocampus,
and nucleus accumbens (NAc) (Garavan et al., 2000; Grusser et al.,
2004; Jasinska et al., 2014; Lukas et al., 2013; Maas et al., 1998). With repeated and uncontrollable drug use, dorsal striatal responses to drug
cues are elevated (Dalley et al., 2011; Volkow et al., 2006). Functional
MRI (fMRI) responses in adult rodents exposed to drug-associated
cues following chronic cocaine intake show remarkable anatomical
faithfulness to these human fMRI changes (Johnson et al., 2013; Liu
et al., 2013a). Because these responses are both reliable and robust, genetically modiﬁed animals could provide mechanistic insight into the
underlying pharmacological basis for cue responses at the network
level.
Imaging paradigms in small animals have been developed to determine structural and functional changes (reviewed by Febo, 2011),
with the latter including indirect measures of BOLD (Huang et al.,
2011), receptor expression/function with pharmacoMRI (Becerra
et al., 2013; Chen et al., 2005), and more recently, resting state activation (Tian et al., 2006). These methodologies can be applied in normal,
drug-exposed (Andersen et al., 2008; Reneman et al., 2001; van der
Marel et al., 2014) or genetically-modiﬁed (e.g., Huang et al., 2011) animals and used to observe network changes in brain activity (discussed
by Borsook et al., 2006).
To date, however, the majority of these applications have been restricted primarily to analyses with the region of interest (ROI) approach
and not voxel-wise methodologies. Our ﬁrst goal was to use whole
brain, voxel-wise analysis in rats to reveal unexpected BOLD responses
to cocaine-associated cues. Furthermore, its application in animals that
have a genetic over-expression of D1 receptors in the plPFC produces a
behavioral phenotype of animals that show reinstated responses to cocaine (McFarland et al., 2004). Developmental, preclinical imaging studies (Bouet et al., 2012; Chen et al., 2010; van der Marel et al., 2014) have
utilized a region-of-interest (ROI) analytical approach, and not the
voxel-wise, whole brain analysis that is commonly used in human studies. BOLD responses in juvenile control rats (with a lentiviral vector expressing GFP) that typically have low preferences for cocaine-associated
environments and D1 expression on plPFC neurons (Brenhouse et al.,
2008), may reveal brain regions involved in reduced addiction vulnerability. In this sense, a secondary goal of this study was to determine how
a precocial increase in plPFC D1 receptors in pre-adolescent rats may be
related to the increased vulnerability to use drugs of abuse that occurs
during adolescence (Stanis and Andersen, 2014).
The current study used fMRI to determine how D1 dopamine receptor over-expression within the plPFC uniquely impacts widespread responses to cocaine-associated cues in a developmental context.
Speciﬁcally, we compared the cue-based BOLD response in juvenile
animals that showed minimum behavioral preferences for cocaineassociated environments and cues to the response in juveniles that
over-expressed D1 by viral-mediated transfer. This approach allowed
us to determine the responsiveness within neural circuitry that is key
in the transition between low and high risk for addiction. The current
study is the ﬁrst to use whole brain voxel-wise BOLD responses to
cocaine-conditioned cues in immature animals manipulated for low
and high salience with only two exposures to cocaine; previous animal
studies used a region of analysis approach (Johnson et al., 2013; Liu
et al., 2013a) in animals chronically exposed to cocaine.
2. Materials and methods
2.1. Subjects
Sprague-Dawley litters of rats (n = 8 for each group) were obtained
from Charles River Laboratories (Boston, MA) at 12 postnatal days of age
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(P12); only male pups were used, with one pup per litter for each condition. Pups were P16 at the time of surgery. Pups were weaned from
the dam at P21 and housed with same-sex littermates. Rats were
housed with food and water available ad libitum in constant temperature and humidity conditions on a 12-hr light/dark cycle (light period
0700–1900). The experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH), and were approved by the Institutional Animal Care and Use Committee at McLean
Hospital.

2.2. Lentiviral injections
Male rats were anesthetized with a ketamine/xylazine mixture (80/
12 mg/kg, respectively). A lentiviral vector (0.6 µL) that targets glutamate neurons by the Calmodulin Kinase II alpha [CK] promoter and expresses either green ﬂuorescent protein (CK.GFP) or D1 dopamine
receptors (CK.D1) was produced by the Massachusetts General Hospital
Vector Core (Sonntag et al., 2014). Approximately 106 transducing units
were injected bilaterally into the prelimbic PFC at stereotaxic coordinates (AP: +2.7, ML: 0.5; DV: −2.7) for P16 rats (Sherwood and
Timeras, 1970). Screening for place preferences to cocaine-associated
cues began 8 days after surgery to allow for viral expression (Fig. 1a).
Expression stability and placement were conﬁrmed by histology
(Sonntag et al., 2014) within the plPFC (Fig. 1c shows GFP or D1 expression) or the subjects were excluded from analysis.

2.3. Odorant presentation
Place conditioning chambers had a custom built olfactometer
(Lowen and Lukas, 2006) that bubbled ﬁltered room air through two
ﬂasks, one containing phenethyl alcohol (“rose” scent), and the other
acetophenone (“almond” scent) at a ﬁnal ﬂow rate of 10 mL/min for
each odorant. All tubing throughout was PTFE to minimize stray
odors. Each side chamber had an odorant presented into one corner
and vented through the opposite corner using the laboratory vacuum
system; the side chambers were kept at negative pressure to prevent
odor mixing.

2.4. Place conditioning
An unbiased place conditioning protocol was used to establish
behavioral preferences or aversions to cocaine cues, as previously
published (Andersen et al., 2002). Other operant paradigms, including self-administration, are not suitable for developmental studies in
subjects this young because they require extensive training. Brieﬂy,
separate groups of juvenile rats (P24) were habituated to the 3chambered apparatus (Med Associates, St. Albans, VT) for 30 min
on Day 1 to establish no baseline preferences for odor-associated
environments (deﬁned as spending N18 of 30 min on one side). Initially, these chambers differed by color (black, gray, white), and
ﬂoor (grid, smooth, and bars). On Days 2 and 3, a 60-minute cue conditioning session was conducted to saline in the morning (where the
odor becomes a conditioned stimulus that predicts “no drug” [CS−])
and 10 mg/kg cocaine in the afternoon (a CS odor that predicts drug
[CS+]). The 10 mg/kg dose of cocaine was selected because juvenile
rats typically do not show place preferences for environments associated with this dose (Brenhouse et al., 2008). The pairing of odor–
drug conditions was randomized within group. On Day 4 rats were
permitted to freely explore the entire apparatus for 30 min in a
drug-free state to determine behavioral preferences to drugconditioned odor/environments. Place conditioning scores are
expressed as time spent on the drug side − time spent on the saline
side (in s) on test day.
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Fig. 1. Determination of behavioral and fMRI effects of conditioned drug cues. a) Timeline of the behavioral and fMRI paradigm. During conditioning the CS− odor was paired with saline,
and the CS+ odor was paired with cocaine for 60 min each at 25 and 26 days of age. The assignment of odor cue to CS+ or CS− during conditioning was counter-balanced. During fMRI
rose was always presented ﬁrst, independent of odor cue assignment. BOLD responses to CS+ and CS− were determined after behavioral testing. b) Place preferences to 10 mg/kg cocaine.
Relative to pre-conditioning preferences (time on drug side − time on saline side; white bars), CK.GFP show no preference for CS+ environments (gray bar: post-conditioning), whereas
CK.D1 subjects show a strong preference (black bar: post-conditioning). Means ± SE presented; *P b 0.05, Bonferroni corrected. c) Histological veriﬁcation of virus placement in the plPFC
(bregma coordinates on far left). GFP immunoﬂuorescence is shown in middle and D1 immunoreactivity with DAB visualization on the right.

2.5. Odorant fMRI
These same subjects were anesthetized with isoﬂuorane and imaged
with fMRI during odor cue presentation on Day 5. Activation in response
to CS+ or CS− odors (Fig. 1a) was observed during a 10-min fMRI experiment. A second, similar olfactometer passed ﬁltered room air at
0.3 L/min through one of three ﬂasks that contained solutions of
“rose,” “almond,” or neutral (water) odors. A separate odor pathway
exited each ﬂask, and the three odor-bearing tubes were joined 4 in.
from the rat to minimize dead space and provide discrete periods of
odor exposure. Odors were delivered in the same schedule for all rats.
During the 200 vol/10 min scan, odors were turned on and off according
to the following schedule: for the ﬁrst minute, the odorant was set to
water, followed by switching to almond for 15 s, return to water for
15 s, then rose, etc.; odorants alternated with water in between each
presentation.
2.6. MRI acquisition
The rats were anesthetized at 2% isoﬂurane and maintained on 1.5%
isoﬂurane and 1.5 L/min breathing quality air during imaging. Physiologic monitoring (Small Animal Instruments, Inc.) included respiration,
EKG and temperature. Temperature was maintained using a recirculation water blanket (Gaymar T/Pump). Images were acquired on a 9.4 T
Agilent (Palo Alto, CA) MRI system with a 120 mm diameter gradient
system. A head-only tight ﬁtting quadrature birdcage RF coil (in
house) provided fMRI images with reduced artifacts, and subjects
were shimmed to a whole brain line width of b150 Hz. The fMRI experiment followed a clinical protocol model, and used a single-shot Echo-

Planar acquisition, TE/TR = 17 ms/3 s; matrix = 64 × 64 on 40 mm
FOV with 38 × 0.625 mm slices, 0 mm gap; bandwidth was 357 kHz
with an echo spacing of 330 µs. Anatomic images were Fast Spin Echo
Multi-Slice (FSEMS) and were acquired with TE/TR = 38.7 ms/3.06 s;
matrix 256 × 256 on 40 mm FOV with 38 × 0.625 mm slices with 0
gap; 4 averages, bandwidth 100 kHz (3:16 total).
2.7. MR image processing
The BOLD fMRI images were processed from raw data ﬁles using an
in-house program that used standard FFT and ﬁltering. Nyquist ghosting
was minimized using a parameterized phase correction in which spatially constant and linear terms were adjusted (Kutter et al., 1994).
Both magnitude and phase images were obtained.
2.8. Anatomical scan modiﬁcation and registration
The voxel size of the anatomic scans were isotropically relabeled by
a factor of 10. All brains were then registered to the MNI 1 mm standard
(human) brain using FSL software (FMRIB, Oxford University) and averaged together. The brains were then registered to this average and averaged again. The process was repeated two more times; the converged
result served as the standard anatomic rat brain for this study.
2.9. BOLD fMRI modiﬁcation and preprocessing
The voxel size of the fMRI scans was anisotropically relabeled so that
the brain size matched the MNI standard and allowed the use of the
clinical Brain Extraction Tool (BET/FSL). The voxel dimensions of the
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extracted brains were then relabeled again to match the anatomical
brain size described above. Standard preprocessing followed and
comprised motion correction, slice timing correction, spatial smoothing
to 10 mm FWHM (1 mm in native space), and high pass ﬁltering with a
cutoff of 100 s.
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for identiﬁcation of regions in the voxel-wise results (Fig. 3a). Anatomic
landmarks were identiﬁed on the composite anatomic image as referenced from the atlas (Sherwood and Timeras, 1970) and hand drawn
regions were drawn based on those landmarks.
3. Results

2.10. fMRI subject analysis
3.1. Place conditioning
Subject-wise BOLD activation was determined using two passes of
standard general linear model (GLM) processing (FSL). This was a
voxel-wise analysis that was carried out over the entire brain. Subjectwise results were a contrast between the response to the CS+ odors
in comparison to the response to the CS− odors, within subject. In the
ﬁrst pass two regressors of interest were used, one for almond and
one for rose, that corresponded to the odor delivery times and these
were convolved with a standard hemodynamic response function and
the same high-pass ﬁlter was applied to that data. Standard nuisance regressors were also included and comprised temporal derivatives of each
of the two regressors of interest and the six estimated motion time
courses. The derivatives were included to model any variation in the
timing between odor onset and neural activity, due to unanticipated effects. The image phase change from the ﬁrst image formed a voxel-wise
nuisance regressor. In the second pass the results from the ﬁrst pass
were discarded except for the residuals, which were reduced using a
principal component analysis to the ﬁrst eight components. The component time courses were used as 8 × 1D global nuisance regressors
(Madsen and Lund, 2006). The residuals were also averaged over each
slice within each volume and then replicated throughout that slice
forming an additional, voxel-wise nuisance regressor. A second GLM
analysis was performed including all the regressors from the ﬁrst
model, as well as the ten listed above derived from the residuals.
2.11. Registration
Subject-wise images from the second GLM were linearly registered
(FSL 5.0.6) to corresponding anatomical scans with 7 degrees of freedom, and then to the standard anatomic rat brain (described above)
with 12 degrees of freedom. The resulting registrations were applied
to the statistical image output of the second GLM to obtain registered
statistical images for group analysis.
2.12. fMRI group analysis
Subject-wise results were then combined in a mixed-effects group
analysis for the contrasts Almond–Rose and Rose–Almond only (Chase
et al., 2011). This group analysis was performed as a voxel-wise analysis,
relying on the registered statistical images. Three regressors were used.
The ﬁrst (“D1”) was +1 for D1 rats trained with almond as the active
odor, −1 for D1 rats trained with rose as the active odor, and 0 for
GFP rats. The second (“GF”) was +1 for GFP rats trained with almond
as the active odor, −1 for GFP rats trained with rose as the active
odor, and 0 for D1 rats. The third was the conditioned place preference
score (“BH” for behavior), orthogonalized with respect to the other two
regressors (see Supplementary Fig. 1). Statistical signiﬁcance of these
voxel-wise results were established as follows. First, results were converted to z scores, and thresholded to z N 2.3 (uncorrected) for each
voxel. Then the Gaussian random ﬁeld theory was used to ﬁnd clusters
of contiguous thresholded voxels that had a cluster signiﬁcance level of
P b 0.05, family-wise error corrected for multiple comparisons over the
whole brain.
2.13. Post-hoc regional analysis of the left BLA
A post-hoc regional analysis was performed for the BLA because of
its central role in the mediation of cue response. This anatomic region
was drawn by hand (FSLView) with the aid of the anatomic atlas used

No baseline preferences for either odor were observed for the preconditioning values. After conditioning, CK.GFP rats demonstrated only
mild preferences or aversions for the CS+ relative to the CS− (Fig. 1b),
whereas CK.D1 rats had strong preferences for the CS+ relative to preconditioning baseline (mixed ANOVA: Virus × [Conditioning]: F1,15 =
4.30, P = 0.05). These same subjects were then used for imaging the
following day in order to determine their BOLD responses to the CS+
and CS− odors.
3.2. Imaging
MRI data were obtained from n = 8 CK.GFP subjects and n = 7
CK.D1 subjects. We observed three signiﬁcant effects concerning the hypotheses in this study and applied a post-hoc regional analysis to further examine one result. First, CK.GFP juveniles, with mild preferences
or aversions, exhibited a deactivation BOLD response to the CS+ odors
relative to the CS− odors (Fig. 2) that occurred primarily within the
left BLA and the VTA. Second, and in contrast to the CK.GFP juveniles,
the CK.D1 juveniles with strong place preferences for the CS+ odors,
demonstrated signiﬁcantly elevated BOLD responses to the CS+ odors
relative to the CS− odors in the plPFC, left BLA, NAc, dorsal striatum
(DSTR), and VTA (Fig. 2). Third, in a comparison between subject groups
(CK.D1–CK.GFP), there was an increased differential response to the
CS+ vs CS− odor cues in the left BLA and in the VTA. Images of activation as determined by the voxel-wise approach for all other regions are
found in Supplementary Fig. 2a–d.
A post-hoc regional analysis of the time-course of the activity in the
left BLA (Fig. 3b) was performed in order to characterize the odor response, and habituation effects, and demonstrate behavioral effects if
any. The regional time course of the activation of the left BLA was associated with the CS+ odor in the CK.D1, but not CK.GFP, rats during the
15-second odor presentations (Fig. 3b). Additionally, the relative magnitude of the observed regional BLA activity on the left side was signiﬁcantly correlated with cue preferences for individual CK.D1 subjects, but
not CK.GFP (Fig. 3c; r = 0.77, P = 0.04 and r = 0.28, P = 0.5, respectively). Finally, this regional data was used to test for habituation effects.
The (CS+–CS−) response was averaged within the left BLA region
within odor blocks for each minute after the initial 1 min baseline, within the CK.D1 and CK.GFP groups. The time-courses were demeaned
(Fig. 3d). CK.D1 subjects did not show a signiﬁcant decrease in activation over the course of the experiment, nor did CK.GFP subjects
(Ps N 0.05; repeated measures ANOVA), demonstrating a lack of
habituation.
4. Discussion
In the current study, we used a localized genetic manipulation to increase the expression of dopamine D1 receptors in juvenile animals to
probe BOLD responses to cocaine-conditioned odors. Our data were analyzed using a voxel-wise approach over the whole brain, much like
those used in humans that will allow a direct translation of these studies
of cocaine effects to clinical results. There are two main ﬁndings: First,
control CK.GFP juvenile subjects show a deactivation response to the
CS+ odors relative to the CS− odors in the BLA and VTA regions. Second, CK.D1 juveniles showed elevated responses to the CS+ odors relative to the CS− odors in the NA, BLA, plPFC, DSTR, and VTA. These
ﬁndings are consistent with an aversive/neutral behavioral response
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Fig. 2. BOLD signal responses to CS+ versus CS− across different conditions from a voxel-wise analysis carried out over the whole brain. Scale bar hue indicates group-wise z-score with
increases in red/yellow areas, decreases in blue/cyan. Clusters shown are signiﬁcant (P b 0.05) after correction for multiple comparisons across the whole brain. From left to right, data are
from CK.D1, CK.GFP, a differential contrast (CK.D1 − CK.GFP), and the effect of the behavioral conditioned place preference (CPP) response to CS+ vs. CS− independent of virus condition.
Responses are from n = 8 CK.GFP subjects and n = 7 CK.D1 subjects. Key ﬁgures are identiﬁed: NAc: nucleus accumbens; STR: striatum; BLA: basolateral amygdala; VTA: ventral tegmental
area. All regions are shown in Supplementary Fig. 2.

to the CS+ odors relative to the CS− odors for the CK.GFP juveniles, and
a preference for CS+ vs. CS− for the CK.D1 juveniles. Also, the increased
differential BOLD response to cues in the left BLA suggests stronger associations between stimulus and response in the CK.D1 group that are
indicative of signiﬁcant conditioning to the odor in these animals. It is
interesting to note methodologically that place preference scores are
associated with increased activation in the DSTR that is evident in the
imaging results.
We over-expressed D1 receptors selectively in the plPFC, as we have
previously observed a four-fold increase in this receptor population in
adolescent rats (Brenhouse et al., 2008). Our lentiviral vector produces
approximately a four-fold change in receptor expression, and a 30% activation of c-fos response to a D1 agonist (Sonntag et al., 2014). To what
extent the observed changes in CS+ responsiveness are due to D1 overexpression, or to the afﬁliated decrease in NAc D2 receptors that we
have observed when D1 is over-expressed (Sonntag et al., 2014), is
not known. Decreases in D2 receptors have been reported in animals
that have high trait impulsivity that is associated with compulsive cocaine use (Dalley et al., 2007). Increased D1 dopamine receptor expression in the juvenile CK.D1 group corresponded to an increased BOLD
activation pattern to drug cues in the same brain regions that have
been previously observed to being activated in adult rats following
chronic and habitual drug use.
The development of our fMRI approach could enable us to test drugassociated cues and their underlying mechanisms in immature systems,
which is not ethically possible in children. Whether an existing reward
anticipation task that has been used in young adolescents (Bjork et al.,
2004) assesses a similar phenomenon is unknown, as no drug stimuli
were used. In our study, changes in BLA responses in CK.D1 juveniles
correlated with increasing preferences for cocaine-associated odors,
but this effect was not evident in the CK.GFP juveniles. While this relationship does not show causality, this observation further implicates
the BLA in helping to encode the saliency of the cue (Nishijo et al.,
1998; Winston et al., 2005) as does the data presented in Fig. 3b. The divergence of the slopes of the two lines between regional BLA BOLD

activity and place conditioning behavior between the two groups is
not consistent with the role of the immature BLA to encode the value
of the reward to its cue (Balleine and Killcross, 2006). Otherwise,
cocaine cue preferences would have produced similar BLA activation
regardless of D1 status. At the level of group analysis, the deactivation
of the BLA and VTA that was observed in the juvenile CK.GFP group is
consistent with the average behavioral data that suggests no preference
to cocaine in these subjects. The BLA has also been associated with increased aversion to the affective salience of an odor associated with
food (Nishijo et al., 1998; Winston et al., 2005) and the aversive representation of that cue (Chapuis et al., 2009), nicotine cues (VollstadtKlein et al., 2011), the conditioning of cocaine cues (Buffalari and See,
2010), and the predictability of the cue (Baxter and Murray, 2002).
The VTA is involved in the encoding of an action tendency in response
to a reward-associated cue (the CS+ (Guitart-Masip et al., 2011)). The
lack of motivated response to the cocaine-associated cue may reﬂect
the deactivation of the VTA. Together then, the deactivation of the BLA
and/or the VTA in this study is consistent with the negative subjective
effects of amphetamine that have been reported in pre-pubertal boys
(Rapoport et al., 1980). Additional fMRI animal studies in the future
may conclusively show that these BLA responses reﬂect an aversion to
psychostimulants at this age.
The diminished BOLD responses that were observed within brain regions with dopamine cell bodies (including the VTA) in the CK.GFP
group are consistent with reduced NAc activity in individuals reporting
reduced drug craving (Janse Van Rensburg et al., 2012). Typical juvenile
rats do not show preferences to cocaine-associated cues at low doses,
suggesting reduced sensitivity compared to older ages (Brenhouse
et al., 2008). We have previously demonstrated that neither plPFC D1
activity alone (microinjection) nor low-dose cocaine alone was
sufﬁcient to produce a place preference to cocaine-associated environments in juvenile rats, but that low-dose cocaine plus a D1 agonist
microinjected into the plPFC did increase place preferences
(Brenhouse et al., 2008). Data in this current study expand these previous observations by suggesting that a lack of response in brain
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Fig. 3. Group and individual responses to cocaine cues in the left BLA. Responses are from n = 8 CK.GFP subjects and n = 7 CK.D1 subjects. a) Hand-drawn region of interest of the left BLA
based on the atlas of Paxinos and Watson (1986). b) Group time-course differences in the differential BOLD response between CS+ and CS− associated odors (Chapuis et al., 2009) for
CK.D1 (ﬁlled squares) and CK.GFP (open squares) groups in the left BLA region of interest. Odor responses were averaged within an atlas-based left BLA region, across blocks, yielding
event-related group speciﬁc responses; * indicates the signiﬁcant (P b 0.01; #P = 0.06) time point. c) Individual differential responses in the BLA. BOLD activation was averaged across
similar blocks, the difference taken between odors, and plotted against place preference scores (time spent on drug side − time spent on saline side). CK.D1, ﬁlled squares; CK.GFP,
open squares; linear regression (line) yields a signiﬁcant (P b 0.04) positive correlation for CK.D1, but not CK.GFP. d) Assessment of odor habituation in the BLA ROI. Figure represents
demeaned (CS+ − CS−) odor response averaged within each 1 min odor cycle, for minutes 1–9 (after baseline) in the 10 min experiment. There was no signiﬁcant time effect (Ps N 0.05).

activation (based on deactivation in BOLD activity in the dopamine cell
body regions (SNc/r and VTA), and no activity in NAc and the plPFC) reduced behavioral preferences. Others have shown that the amygdala,
NAc, and ingulate gyrus circuitry are vital for processing drug cues and
for reinstatement (Kalivas et al., 2003; Liu et al., 2013a). Together,
deactivated BOLD responses in these regions as seen in the control
CK.GFP subjects may indicate low addiction vulnerability in children
and young teens.
In contrast, the BOLD responses of the CK.D1 juvenile rats resembled
those in adult rats with cue-induced increases in BOLD activity in the
PFC, NAc, DSTR, and VTA after a history of self-administration for a minimum of 4 weeks (Liu et al., 2013a). Our CK.D1 juveniles had 2 days of
passive cocaine exposure. We hypothesize that the CK.D1-elevated
striatal activity in juvenile rats maybe sufﬁcient to facilitate a Pavlovian
instrumental transfer of stimulus–response associations relevant to habitual and addictive processes (Everitt and Robbins, 2005). Repeated cocaine exposure progressively recruits the activity in regions from the
ventral to dorsal striatal regions in a spiral fashion (Haber et al., 2006;
Haber and Knutson, 2010). Increased D1 during adolescence may facilitate this process. Adolescent rats, which typically overexpress D1
(Brenhouse et al., 2008), may be highly predisposed to addiction via
striatal activity following cue presentation even without signiﬁcant
chronic cocaine exposure. Consistent with this hypothesis, a greater
proportion of neurons in the DSTR of adolescents are activated in anticipation of reward relative to adults, suggesting greater potential of
learning at this stage (Sturman and Moghaddam, 2012). Together, elevated plPFC D1 and greater DSTR activity in response to reward (or its
cues) may transiently increase vulnerability to cocaine addiction.
One methodological point we feel we need to address is anesthesia.
Our rats were initially conditioned to the cocaine-associated odors

during an awake state, but were anesthetized with 1.5% isoﬂurane for
the fMRI experiment. The robust fMRI BOLD patterns that we observed
are consistent with those from awake individuals with addiction in response to cocaine-associated cues (Johnson et al., 2013; Liu et al.,
2013a). We believe that the use of anesthesia is needed to reduce the
stress that is associated with restraint, as used in other studies in adult
animals (for a full discussion of the pros and cons of this approach, see
Febo, 2011). Training the animal to remain immobile is also not realistic
for rats at this young age as they would be activating brain regions to accomplish this task, rather than the task at hand. Finally, research shows
that the effects of anesthesia are type- and dose-dependent (Febo,
2011). Relatively light levels of isoﬂurane anesthesia seem to have a
minimal effect on brain function, although isoﬂurane does act as a vasodilator (Liu et al., 2013b; Sicard et al., 2003). For example, resting state
networks of the sensorimotor system gradually became highly synchronized and less spatially speciﬁc when isoﬂurane anesthesia transitioned
from 1.0%, 1.5% to 1.8% (Liu et al., 2013b). The differences between light
(1.0%) and moderate (1.5%) anesthesia on resting state BOLD were not
signiﬁcantly different from each other. While a reversal in BOLD response occurs at high anesthesia (3.5% isoﬂurane), local ﬁeld potentials
remain congruent with BOLD signals at lower isoﬂurane levels (1.8%)
where breathing rates are maintained at ~75 breaths/min (Gong et al.,
2014). Our BOLD responses were acquired when both groups of rats
were anesthetized at 1.5% isoﬂurane. The differences between the
CK.GFP/D1 groups still produced BOLD responses that are similar to
those in studies of awake humans employing cue responses (Garavan
et al., 2000; Lukas et al., 2013) and moreover, are temporally linked
with odor presentation (Fig. 3b). Together, these data argue against significant interference of isoﬂurane to inﬂuence the detection of the odor or a
hemodynamic response to its conditioned associations within the brain.
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5. Conclusion
In conclusion, we genetically increased dopamine D1 receptor expression in juveniles to levels typically found in adolescents to increase
motivational salience. Elevated D1 levels increased behavioral preferences for cocaine-associated cues after just two exposures in CK.D1 juvenile rats, whereas control juveniles did not prefer cocaine cues.
More importantly, conditioned cues in CK.D1 juveniles produced fMRI
activation patterns in the plPFC, BLA, NA, dopamine cell body regions,
and DSTR. These patterns are consistent with those found in rats and
humans exposed chronically to cocaine. Our fMRI observations are
also the ﬁrst to show cue-induced deactivation of BLA and dopamine regions in control CK.GFP juveniles. These ﬁndings suggest that a strong
predisposition towards habitual use is mediated by increased PFC D1 receptor expression that is found in adolescents, and possibly, children at
high-risk.
Supplementary data related to this article can be found online at
http://doi.dx.org/10.1016/j.nicl.2015.06.012.
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