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The ability to map the functional connectivity of discrete cell types in the intact mammalian brain during 
behavior is crucial for advancing our understanding of brain function in normal and disease states. We com-
bined designer receptor exclusively activated by designer drug (DREADD) technology and behavioral imaging 
with μPET and [18F]fluorodeoxyglucose (FDG) to generate whole-brain metabolic maps of cell-specific func-
tional circuits during the awake, freely moving state. We have termed this approach DREADD-assisted meta-
bolic mapping (DREAMM) and documented its ability in rats to map whole-brain functional anatomy. We 
applied this strategy to evaluating changes in the brain associated with inhibition of prodynorphin-express-
ing (Pdyn-expressing) and of proenkephalin-expressing (Penk-expressing) medium spiny neurons (MSNs) of 
the nucleus accumbens shell (NAcSh), which have been implicated in neuropsychiatric disorders. DREAMM 
revealed discrete behavioral manifestations and concurrent engagement of distinct corticolimbic networks 
associated with dysregulation of Pdyn and Penk in MSNs of the NAcSh. Furthermore, distinct neuronal net-
works were recruited in awake versus anesthetized conditions. These data demonstrate that DREAMM is a 
highly sensitive, molecular, high-resolution quantitative imaging approach.

Introduction
The mammalian brain is a complex organ with billions of hetero-
geneous cells whose local and long-range functional connections 
regulate behavior and physiology. Traditional approaches used for 
mapping functional brain anatomy do not provide information 
on long-range, global (i.e., intact whole brain) circuits. Recently, 
optogenetics was coupled with in vivo functional MRI (fMRI) and 
allowed, for what we believe is the first time, assessment of func-
tional anatomy of discrete cell types in living animals (1, 2). fMRI 
technology, however, relies on nonmolecular, indirect measures of 
neuronal activity (i.e., neurovascular coupling) and is limited in 
its applicability to anesthetized or immobilized animals. Impor-
tantly, a recent study showed that light delivery in the absence of 
optogenetic stimulation induced strong local fMRI responses in 
the stimulated site (3). To overcome these limitations, we com-
bined designer receptor exclusively activated by designer drug 
(DREADD) technology (4), which allows remote in vivo control 
of cell-specific firing (5), together with behavioral imaging using 
μPET and [18F]fluorodeoxyglucose (FDG) to measure regional 
brain glucose metabolism, which is a direct marker of brain func-
tion (6–9). This approach, termed DREADD-assisted metabolic 
mapping (DREAMM), was used to map functional brain anatomy 
associated with inhibiting the activity of prodynorphin-expressing 
(Pdyn-expressing) and of proenkephalin-expressing (Penk-express-
ing) medium spiny neurons (MSNs) in the medial nucleus accum-

bens shell (NAcSh), highly implicated in neuropsychiatric disor-
ders. Pdyn-expressing MSNs in the NAcSh, which comprise the 
“direct” (Go) output pathway, send direct inhibitory projections to 
the ventral tegmental area (VTA) and substantia nigra pars reticu-
lata (SNr) as well as inhibitory projections to the medial ventral 
pallidum (VPm) (10). In contrast, NAcSh Penk–expressing MSNs, 
which comprise the “indirect” (NoGo) output pathway, send inhib-
itory projections predominantly to the VPm (10). The “direct” and 
“indirect” NAc pathways exert effects on behaviors and emotions 
dysregulated in addiction and other psychiatric illnesses, but the 
global circuits linked to these specific pathways are unknown. We 
examined the capacity of DREAMM to provide in vivo informa-
tion regarding the direct anatomical connectivity of Pdyn- or Penk-
expressing MSNs as well as the time-dependent response of down-
stream circuits recruited after inhibition of each MSN subtype. 
Moreover, we evaluated DREAMM during awake FDG uptake in 
freely moving rats to assess behaviorally relevant functional con-
nectivity specific to altering the activity of each MSN.

Results
Given the novel nature of the technique, we first wanted to vali-
date the temporal sensitivity by examining time-dependent brain 
activity changes in a well-characterized neuronal circuit that could 
be directly studied in relation to exogenous stimulation. There-
fore, we used the well-established vibrissae stimulation model, 
which is known to activate the barrel field somatosensory cortex 
(11). We scanned naive adult (P55-P69) male Sprague Dawley (SD) 
rats (n = 6) using a dynamic scanning procedure in which anesthe-
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tion decreased c-Fos activity only in the ipsilateral NAc, but not 
in VTA (Figure 3). These findings emphasize the specificity in 
neuronal inhibition achieved using DREADD.

Next, we attempted to detect in vivo the functional whole-brain 
dynamic circuits associated with inhibition of Pdyn- or Penk-
MSNs. Male adult SD rats (n = 6/group) were infused into the 
right NAcSh with Pdyn- or Penk-hM4Di constructs and scanned at 
7 (after i.p. injection of vehicle) and 14 days (after i.p. CNO) after 
vector injection. Immediately after injection (vehicle or CNO), 
rats were anesthetized (1.5% isoflurane), injected i.v. with FDG  
(∼0.6 mCi) and scanned using the above dynamic scanning meth-
odology. All images were then normalized to Paxinos stereotaxic 
coordinates (12) and analyzed as previously described (7). Signifi-
cant DREAMM responses in areas with direct, known connectivity 
of Pdyn- and Penk-MSNs were observed as early as 1 minute after 
scanning (Figure 4). In particular, Pdyn-MSN inhibition led to a 
significant increase in FDG uptake in areas coincident with the 
posterior VP and VTA/substantia nigra (SN) (Figure 4A), whereas 
Penk-MSN inhibition led to a significant decrease in FDG uptake 
in a cluster approximating the rostral VP (Figure 4B). Similar to the 
vibrissae stimulation model in which we observed time-dependent 
recruitment of barrel field circuits, Pdyn- and Penk-MSN inhibi-
tion resulted in discrete time-dependent DREAMM responses that 
spanned recruitment of specific brain regions and revealed dis-
tinct network patterns for each MSN subtype (Figure 4, A and B).  
In particular, Pdyn-MSN inhibition induced a time-dependent 
continuum of decreased FDG uptake throughout the ipsilateral 
ventral forebrain extending from the olfactory tubercle through 
the hypothalamus to the interpeduncular midbrain region and 
brainstem. This ventral inhibitory DREAMM circuit was coinci-
dent with a broad time-dependent increase in FDG uptake in the 
dorsal pallidum and midbrain followed by other dorsal structures 
extending from midline cingulate cortices (CG), throughout the 
dorsal hippocampus (HP) to the cerebellar nuclei (Figure 4A). In 
contrast, Penk-MSN inhibition was predominantly characterized 

tized rats were subjected to continuous unilateral vibrissae stimu-
lation that was initiated 5 minutes prior to intravenous i.v. FDG 
injection. Scans were then normalized to Paxinos stereotaxic coor-
dinates (12) and analyzed using statistical parametric mapping 
(SPM) as previously described (7). Using this dynamic approach, 
we observed time-dependent contralateral barrel field circuit 
activation as early as 1 minute after FDG injection (Figure 1).  
The anatomical specificity of this activation directly overlapped 
known connectivity of the barrel field circuit (ref. 11 and Figure 1),  
exemplifying the sensitivity of our imaging methodology in 
detecting functional changes in brain activity with significant 
anatomical and temporal specificity (single-minute resolution). 
To our knowledge, this is the first report documenting the abil-
ity to detect time-dependent changes in FDG brain uptake at this  
temporal and spatial resolution.

For DREAMM experiments, we used herpes simplex virus (HSV) 
vectors expressing an engineered DREADD receptor under the 
control of the Pdyn or Penk promoter, which had been previously 
validated to drive selective expression of the inhibitory Gi-coupled 
hM4Di DREADD in Pdyn- and Penk-MSNs (13) and whose specific-
ity we also validated here (Figure 2, A and B). This strategy would 
thus allow, respectively, Gi-mediated inhibition of “Go,” or acti-
vation of “NoGo” MSN output pathways (10). First, we assessed 
whether hM4Di-mediated inhibition of NAcSh Pdyn- or Penk 
-MSNs reduced neuronal activity locally. Adult (P55–P69) male 
SD rats were infused into the right NAcSh with the Pdyn- or Penk-
hM4Di HSV constructs (n = 6/group) (Figure 2C). Two weeks later, 
rats received an i.p. injection of clozapine-n-oxide (CNO) (1 mg/kg), 
which promotes Gi-coupled inhibition of hM4Di-expressing Pdyn-
 and Penk-MSNs (13), were sacrificed 1 hour later and processed 
for c-Fos immunohistochemistry. Consistent with prior reports 
in which Gi-mediated activation was associated with decreases in 
c-Fos (13, 14), we found that hM4Di activation in NAcSh Pdyn-
MSNs decreased c-Fos activation locally in the ipsilateral NAc as 
well as in the VTA (Figure 3). On the other hand, Penk-MSN inhibi-

Figure 1
Vibrissae stimulation leads to time-dependent brain activation in barrel field circuitry. (A) μPET imaging protocol. Rats were anesthetized with 
isoflurane (ISO) and placed on the scanner bed; unilateral vibrissae stimulation was initiated. Five minutes later, rats were injected i.v. with 
approximately 0.6 mCi of FDG and scanning commenced. Stimulation lasted for 15 minutes. (B) Time-dependent increases in contralateral FDG 
uptake in response to unilateral vibrissae stimulation; (C) afferent and efferent connectivity of the vibrissal MC. Par1, parietal cortex; S1bf, primary 
somatosensory cortex barrel field; RSA, agranular retrosplenial cortex; Po, posterolateral thalamus; CL, centrolateral thalamus; MDL, lateral part 
of mediodorsal thalamus; VPL, lateral part of ventroposterior thalamus; VM, ventromedial thalamus; PRh, perirhinal cortex. Adapted with permis-
sion from Experimental Brain Research (11).
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by a time-dependent reduction of ipsilateral FDG uptake in 
the olfactory tubercle, VP, globus pallidus, ventral pons, sen-
sory brainstem nuclei, and cerebellum as well as ipsilateral 
FDG increases in the dorsal HP, caudate putamen, and sep-
tofimbrial nucleus (Figure 4B). The more widespread effects 
of Pdyn-MSN inhibition as compared with Penk-MSN impli-
cates a greater role of the “Go” pathway in modulating brain 
activity under anesthetized conditions.

To validate the specificity of DREAMM to discern FDG 
changes within discrete brain regions, nonbiased SPM results 
were also expressed quantitatively using a novel region of 
interest–based (ROI-based) image analysis method that used 
Paxinos stereotaxic rat coordinates to extract individual sub-
ject values for the VTA/SN. Using this approach, individual 
subject values plotted for the VTA/SN, which specifically 
dissociate Pdyn and Penk projections, revealed that, in agree-
ment with SPM, inhibition of Pdyn-MSNs led to a significant 
increase (8.6%) in FDG uptake in the VTA/SN at 1 minute 
into the scan, whereas after 30 minutes, and consistent with 
both SPM and c-Fos results, CNO significantly decreased 
FDG uptake (7.2%) in this region (Figure 4C). Importantly, 
in agreement with a lack of direct anatomical connectivity 
with the VTA/SN, no significant differences were observed 
in this region at either 1 or 30 minutes in response to Penk-
MSN inhibition (Figure 4D). Many studies have now shown 
convincingly that CNO does not have any off-target effects 
in a variety of experimental parameters in both rats and mice 
(13, 15–20). In order to expand this to brain and peripheral 
glucose metabolism, and since the transaxial field of view of 
the scanner did not accommodate whole-body rat scans, we 
scanned naive adult male mice (n = 6) twice, once after i.p. 
CNO (1 mg/kg) and once after i.p. vehicle injection. Consis-
tent with numerous prior observations for a lack of off-target 
effects of CNO on behavior, neurophysiology, and pharmacol-
ogy in both rats and mice, we did not observe any significant 
changes in FDG uptake between vehicle and CNO scans (Sup-
plemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI72117DS1). Overall, these 
results suggest that, in anesthetized rats, DREAMM is able to 
successfully capture cell-specific, time-dependent changes in 
brain functional activity with single-minute resolution.

Next, we assessed DREAMM functional connectivity of 
NAcSh Pdyn- and Penk-MSNs associated with FDG uptake 
in the awake state using a well-established behavioral imag-
ing paradigm (6–9). Male adult SD rats (n = 6) were inject-

Figure 2
Validation of HSV vector selectivity and infusion sites. (A) Rep-
resentative images from the NAc of rats injected with HSV-Pdyn-
GFP (A) or HSV-Penk-GFP (B) and assessed for substance P 
(SP) (which coexpresses with Pdyn and not Penk) or enkephalin 
(Enk) immunoreactivity. In rats injected with Pdyn-GFP, 100% 
of cells were positive for both GFP and SP (arrowheads) and 
4.5% were positive for GFP and Enk (arrows). In rats injected 
with Penk-GFP, we found that 6.7% of cells were positive for both 
GFP and SP (arrows) and 76.7% were positive for GFP and Enk 
(arrowheads). Original magnification, ×20. (C) Schematic image 
of injection sites and viral spread of HSV-Pdyn-hM4Di and HSV-
Penk-hM4Di vectors. Mean diameter (d) of area surrounding each 
injection site was measured at 0.51 ± 0.03 mm (SEM).
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observed with Penk-MSN inhibition in the awake, moving rodent 
(Figure 6, C and D). Intriguingly, inhibiting Penk-MSN activity 
resulted in significant ipsilateral FDG increases in primary com-
ponents of the limbic system including the VP (8.8%), amygdala 
(basal [14%] and medial [8.3%] divisions), and HP (8.6%) (pro-
nounced demarcation of the dentate gyrus). Such HP and amyg-
dala activation is particularly interesting, given recent studies 
demonstrating a role for the “indirect” NAcSh Penk-MSNs in 
mediating behavioral responses associated with aversive mem-
ory formation (24). Indeed, a unique feature of the Penk-MSN 
manipulation was increased FDG uptake (8.2%–11.3%) along the 
fornix, which primarily connects the HP with the septum and 
diencephalon. Interestingly, NAcSh Penk-MSN inhibition also 
led to a striking bilateral activation of the DI (14.6% ipsilateral 
and 17.3% contralateral), and ventromedial PFC, particularly the 
medial orbital area (12.4% ipsilateral and 12.5% contralateral). 
Finally, and in contrast to Pdyn-MSN inhibition, Penk-MSN 
inhibition led to significant decreases in FDG uptake in the 
ipsilateral sensory cortex (SC) (14.7%), globus pallidus (GP) 
(5.7%), and contralateral piriform cortex (Pir) (17.6%). Overall, 
these findings identify distinct neural activity associated with 
Pdyn and Penk limbic striatal pathways and emphasize that direct 
NAc pathway impairments have profound bottom-up regulation, 
particularly of limbic-related cortices. Additionally, the recruit-
ment of motor systems (e.g., dorsal striatopallidal circuit and 
MC) by NAcSh Penk-MSN inhibition emphasizes the strong 
limbic-motor interface of this pathway.

Discussion
The DREAMM technique now adds to the growing number of 
research strategies in the neuroscience toolbox to assess in vivo 
brain function. Specifically, it provides, in contrast to other cur-
rent techniques, the ability to measure in vivo time-dependent, 
regionally unbiased, whole-brain activity after cell-specific manip-
ulations via a well-understood molecular process (glucose utili-
zation). Importantly, while current imaging strategies have been 
limited to assessing brain function in immobilized animals, the 
unique kinetics of FDG allow time-dependent brain activity mea-
sures that occur during the awake, freely moving state. DREAMM 
is most suited for studying behavioral profiles generated from 
ensembles of neurons than those relevant to the activity of a sin-
gle cell. Moreover, DREAMM does not rely on complex surgical 
practices (chronic indwelling cannulas), which induce significant 
decreases in brain activity and inflammatory responses as well as 
cognitive deficits (25, 26). Since DREAMM is not limited to prob-
ing cellular activity, it could also be used to provide insights into 

ed i.p. with vehicle or CNO and placed in an open-field arena. 
At 30 minutes, rats were injected i.p. with FDG (∼0.6 mCi), and  
30 minutes subsequently, they were anesthetized and scanned 
for 20 minutes using a static acquisition protocol. We found that 
reducing neuronal activity of the right NAcSh Pdyn-MSNs signifi-
cantly increased left turn motor behavior (P = 0.006) (Figure 5A), 
and this was paralleled by significant increases in counter-clockwise  
(leftward) circling (P = 0.001) (Figure 5B). Interestingly, Pdyn-MSN 
inhibition significantly increased (8.8%) FDG uptake in the right 
motor cortex (MC) (Figure 5C). Inhibition of Penk-MSNs signifi-
cantly decreased FDG uptake in MC bilaterally, though this was 
more pronounced in the right MC (14.4%) (Figure 5F). In line with 
the DREAMM pattern, CNO increased ipsilateral (right) versus 
contralateral turns (P = 0.05) (Figure 5D), but there was no differ-
ence in general clockwise vs. counter-clockwise circling (Figure 5E).  
These findings are consistent with contralateral control of motor 
behavior by the MC and emphasize the ability of DREAMM to 
map behavior to global brain functional circuits of discrete yet 
spatially overlapping cell types. Paradoxically, the directionality in 
turning behaviors we currently observed after inhibition of direct 
and indirect pathway ventral striatal MSNs was similar to that pre-
viously reported by Kravitz et al. after activation of the dorsal MSN 
pathways (21). Interestingly, duration of stimulation may account 
for these findings, since acute and sustained inhibition led to 
time-dependent, opposing changes in FDG uptake in downstream 
projection sites. Such time-dependent changes in FDG uptake are 
likely mediated by changes in complex downstream signaling plas-
ticity mechanisms relevant to spatiotemporal control of Gi signal-
ing (22, 23).

Similar to what was found under anesthetized conditions, 
discrete DREAMM responses were observed following Pdyn-
and Penk-MSN inhibition in freely moving rats that had dis-
tinct limbic-related profiles associated with each NAc pathway  
(Figure 6). Pdyn-MSN inhibition was associated with significant 
FDG uptake in ipsilateral corticolimbic circuits, including a 
striking 17.8% ipsilateral increase in the medial entorhinal cor-
tex (Ent) and approximately 10%–12% alteration throughout the 
ipsilateral rostrocaudal extent of the VP and horizontal limb of 
the diagonal band (HDB) (Figure 6, A and B). There were also 
significant bilateral increases in medial amygdala (MEA) (13% 
ipsilateral; 4.8% contralateral) and retrosplenial cortex (12.3% 
ipsilateral; 9.8% contralateral). In addition, FDG uptake was 
increased in the entire contralateral rostrocaudal extent of the 
dysgranular insula (DI) (8.1%) and CG (8.2%). Overall, only 
increased FDG uptake was observed with NAcSh Pdyn-MSN 
inhibition, whereas both increased and decreased uptake were 

Figure 3
Cell-type–specific control of local and long-range signaling is 
detected using c-Fos immunostaining. (A) Pdyn-MSN inhibi-
tion decreased c-Fos in the ipsilateral NAcSh (∼10%) and VTA 
(∼40%), while Penk-MSN inhibition decreased c-Fos only in 
NAcSh (∼10%) (n = 5/group). (B and C) Representative fluores-
cent microscopy images of contralateral (B) and ipsilateral (C) 
c-Fos fluorescence in the same brain section of the VTA. *P < 
0.05. Data represent mean ± SEM. Original magnification, ×20.
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12-hour dark/12-hour light cycle with food and water available ad 
libitum. All rats were stereotaxically injected with 2 μl (0.2 μl/min) of 
purified HSV vectors expressing a triple hemagglutinin (HA) epitope–
tagged hM4Di gene (1567 Kb) under the control of the PDYN or PENK 
promoter. Both vectors were injected unilaterally (right hemisphere) into 
the medial shell of the nucleus accumbens (NAc) using the following 
coordinates (from bregma: anteroposterior (AP), 1.7; mediolateral (ML), 
0.8; dorsoventral (DV), 7.2 mm.

Vibrissae stimulation and FDG μPET imaging. Six adult naive male SD 
rats were fasted overnight to attain consistency in blood glucose levels, 
as abnormal blood glucose levels interfere with FDG uptake (27). Rats 
were transported to the μPET facility several hours prior to the scan to 
ensure habituation to the environment. Rats were anesthetized using 
isoflurane (1.5%) and placed on an Inveon μPET scanner bed (Siemens 
Medical Solutions); the left lateral tail vein was catheterized. Vibrissae 
stimulation was immediately initiated (30 rpm) using a custom motor-
ized stimulation device (always on the right side). Five minutes later, rats 
were injected i.v. with approximately 0.6 mCi of FDG and dynamic scan-

neurotransmitter dynamics (picomolar sensitivity) via the use of 
displaceable, positron-emitting radioligands (i.e., [11C]raclopride).

Together, the findings illustrate the potential of DREAMM to 
quantitatively delineate (a) dynamic changes in discrete whole-
brain neuronal circuits in vivo, even with single-minute resolu-
tion in anesthetized animals, and (b) cell-type–specific whole-
brain neuronal circuits recruited during the awake state. Overall, 
DREAMM fills a technological niche providing unbiased, direct, 
quantitative, and longitudinal information of a well-understood 
measure of cellular activity (i.e., glucose utilization) to inform on 
whole-brain functional connectivity. DREAMM can thus be an 
important reverse-engineering research strategy to dissect in vivo–
specific neuronal networks associated with normal and pathologic 
behavior.

Methods
Viral-mediated DREADD expression. Adult (P55–P69) male SD rats were 
obtained from Charles River Laboratories and housed on a reversed 

Figure 4
Cell-type–specific, time-depen-
dent control of local and long 
range signaling is detected 
using DREAMM in anesthe-
tized rats. Time-dependent 
DREAMM responses after  
(A) Pdyn- and (B) Penk-
expressing MSN inhibition  
(P = 0.05; relative increase [red] 
and decrease [blue] in FDG 
uptake) in sagittal planes and 
corresponding images from the 
Paxinos rat brain atlas. Individ-
ual subject voxel values in the 
VTA showing that Pdyn-MSN 
inhibition significantly increas-
es FDG uptake at 1 minute  
(P = 0.002) and decreases FDG 
uptake at 30 minutes (P = 0.03) 
(C) in comparison with vehicle 
condition, while Penk-MSN 
inhibition does not (D). CB, cer-
ebellum; IC, inferior colliculus; 
AOP, anterior olfactory nucleus; 
VLL, ventral nucleus of lateral 
lemniscus; PN, pontine nuclei; 
RN, reticular nuclei; VC, visual 
cortex; RS, retrosplenial cortex; 
CPu, caudate putamen; LPO, 
lateral preoptic area; LH, lateral 
hypothalamus; TH, thalamus; 
BN, brainstem nuclei. *P < 0.05; 
**P < 0.01.
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and immediately placed in an open-field arena (40.64 × 40.64 × 40.64 cm)  
coupled to an activity monitoring system (Truscan; Coulbourn Instru-
ments) and a video recording device. Thirty minutes later, data collec-
tion was paused and each rat was injected i.p. with FDG (∼0.6 mCi) and 
placed back into the arena, with data collection resuming for another 
30 minutes (60 minutes total). Rats were then anesthetized with iso-
flurane (1.5%) and scanned for 20 minutes using a static acquisition 
protocol. For mouse experiments, we used 6 naive adult C57BL/6 male 
mice, which were scanned twice, once with vehicle and once with CNO  
(1 mg/kg). Mice were transported to the facility the day before the 
scans and fasted overnight. They were injected with either vehicle or 
CNO (1 mg/kg) and 15 minutes later injected i.p. with approximately  
0.2 mCi FDG and placed in their home cage for a 30-minute tracer 
uptake period. Afterwards, mice were anesthetized with isoflurane 
(1.5%) and scanned for 20 minutes as above. All images were recon-
structed using the maximum a posteriori (MAP) algorithm, as previous-
ly described (8). After reconstruction, images were spatially processed 
and normalized using the Pixel-Wise Modeling Software Suite (PMOD; 
PMOD Inc.) to a rat brain MRI template set to Paxinos and Watson ste-
reotaxic coordinates (12). Constraining the reconstruction of the meta-
bolic images into MRI-derived neuroanatomical templates significantly 

ning immediately commenced. Scans were histogrammed into 1-minute 
bins and reconstructed using the OSEM2D algorithm. Images were then 
processed and coregistered to an MRI stereotaxic atlas. Coregistered 
images were then flipped along the horizontal axis for each subject. 
These images were then compared using SPM, allowing us to conduct 
interhemispheric comparisons.

In vivo DREAMM in behaving rats. Rats were transported to the μPET 
facility the day prior to each scan to ensure habituation to the trans-
portation procedure and environment. All rats were then fasted 
overnight to attain consistency in blood glucose levels, as abnor-
mal blood glucose levels interfere with FDG uptake (27). The next 
day, rats received an i.p. injection of either vehicle (day 7 after vector 
injection) or the DREADD-activating ligand CNO (day 14 after vec-
tor injection) (1 mg/kg). Immediately after vehicle or CNO injection, 
rats were anesthetized with isoflurane (1.5%), placed in a prone posi-
tion on the bed of an R4 microPET rodent scanner (Siemens Medi-
cal Solutions), and injected i.v. with FDG (∼0.6 mCi). Scanning was 
initiated concurrently with FDG injection, and each scan lasted for  
30 minutes and was acquired using a dynamic protocol. For behavioral 
imaging experiments, each rat was injected i.p. with either vehicle (day 9 
after vector injection) or CNO (1 mg/kg) (day 16 after vector injection) 

Figure 5
Unilateral inhibition of Pdyn- and Penk-expressing neurons in NAcSh leads to opposing patterns in turning behavior and MC activ-
ity. Pdyn-MSN inhibition (n = 6) increased contralateral turning (P = 0.006) (A) and significantly increased counter-clockwise 
(CCW) circling (P < 0.001) (B) CW, clockwise. Pdyn-MSN inhibition (n = 6) increased FDG uptake in the ipsilateral (right [R])  
MC (arrows) (P = 0.05) (C). Penk-MSN inhibition (n = 5) increased ipsilateral turning (P = 0.01) (D), but did not significantly affect circling (E).  
Penk-MSN inhibition (n = 5) decreased FDG uptake in ipsilateral MC (arrows) (P = 0.05) (F). Data represent mean ± SEM. **P < 0.01;  
***P < 0.001.
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Figure 6
Unilateral inhibition of spatially overlapping Pdyn- and Penk-expressing neurons in NAcSh of freely moving rats leads to changes in distinct 
neural circuits. (A) Pdyn-MSN inhibition (n = 6) increased FDG uptake in specific corticolimbic regions including the Ent, DI, CG, and MEA as 
well as VP/HDB as visualized in coronal, sagittal and horizontal planes and (B) as plotted as percentage change in signal response *P < 0.05;  
**P < 0.01. (C) Penk-MSN inhibition (n = 5) led to profound activation of the DI, medial orbital prefrontal cortices (mOR and mPFC), HP circuit, 
amygdala, VP, and decreased activity of SC, and Pir, and GP, as visualized in coronal, sagittal and horizontal planes and (D) as plotted as percent-
age change in signal response. *P < 0.05; **P < 0.01. Data represent mean ± SEM.
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It is important to note that inconsistencies between DREAMM and 
c-Fos are expected as FDG is a direct marker of brain activity (i.e., glucose 
metabolism) and is thought to predominantly label terminals (presyn-
aptic activity), whereas c-Fos is a transcription factor and correlational 
marker of postsynaptic activity (cell body). In addition, DREAMM differ-
ences are represented as statistical estimations of effect size between 2 dif-
ferent conditions (vehicle vs. CNO) for a single subject whereas differences 
in c-Fos immunostaining reflect interhemispheric differences (DREADD 
vs. control) during the CNO condition. Finally, differences in temporal 
expression of c-Fos (limited to 60–90 minutes after stimulus) also limit 
direct comparisons between these 2 measures. In sum, DREAMM is dif-
ficult to compare to in vitro measures, as the main premise is that it allows 
one to obtain data from awake, freely moving animals, thus having each 
animal serve as its own control.

Statistics. Imaging analysis was performed using SPM8. This approach 
relies on using the general linear model and applying a statistical thresh-
old to all voxels for all scans. Only clusters comprising with a P value of 
less than 0.05 were reported. Additionally, in an effort to limit false posi-
tives, we only reported significant clusters comprising of greater than  
100 contiguous voxels as previously described (7, 8). The maps sur-
viving the P = 0.05 threshold were then analyzed using paired t tests 
(vehicle > CNO and vehicle < CNO for the groups: Pdyn-hM4Di,  
Penk-hM4Di, C57BL/6 mice) and (left hemisphere vs. right hemisphere 
for the rats used in the vibrissae stimulation experiment). This approach 
is analogous to ANOVA followed by pair-wise comparisons and is a stan-
dard in the field, since it takes into consideration that both measures are 
obtained from the same animal. Also, this specific approach has been 
validated previously by directly comparing in vivo FDG-PET with ex vivo 
FDG-autoradiography in rats (30). Since SPM is limited to just visual-
izing the maps that survived the significance analysis, we subsequently 
extracted individual data from significant clusters of each scan using a 
ROI approach. Behavioral data was analyzed using ANOVA with repeated 
measures within each session and paired t tests to determine group differ-
ences (i.e., Pdyn-hM4Di and Penk-hM4Di under vehicle and CNO condi-
tions). Finally, ipsilateral vs. contralateral c-Fos activation data were sta-
tistically compared using paired t tests. All tests were evaluated at P < 0.05.

Study approval. All animal experiments were approved by the Brookhaven 
National Laboratory and University of Washington animal care and use 
committees and were conducted in accordance with the NIH Guide for the 
care and use of laboratory animals.
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improves both the sensitivity and anatomical specificity to detect altera-
tions in FDG uptake using SPM (28, 29). As such, normalized scans were 
then analyzed as previously described (7). All SPM contrasts consisted 
of paired t-tests within each group (e.g., vehicle > CNO, vehicle < CNO) 
and were evaluated at the uncorrected P = 0.05 level as per our a priori 
hypotheses. Only clusters of at least 100 contiguous voxels were report-
ed. For quantitative analysis of regional SPM differences we modified an 
SPM ROI toolbox (MarsBaR v0.43) for use with our rat stereotaxic MRI 
atlas. Stereotaxic coordinates were entered into MarsBaR for the desired 
brain areas, which allowed the extraction of individual subject data for 
each stereotaxically defined brain area. For behavioral data, we used the 
videotaped sessions to calculate the number of right or left 90° turns 
each rat made during the open-field experiments. In addition, data col-
lected with the Truscan system were also analyzed. All comparisons were 
assessed for significance using paired t tests (P = 0.05).

DREADD expression validation. Rats (Long Evans, 475–550 g at time 
of surgery) were anesthetized with 1.5%–3% isoflurane and received 
infusions of HSV vectors into NAc using the following coordinates:  
AP + 1.2, ML ± 2.0, DV –6.6. Penk-GFP and Pdyn-GFP (2 μl) were infused into 
opposite sides of each rat as previously described (13). After 12–14 days of 
recovery the rats were transcardially perfused with 4% paraformaldehyde 
(PFA) after deep pentobarbital anesthesia (100 mg/kg i.p.)  
and the brains were processed for immunohistochemistry. Floating 
sections (40 μm) were permeabilized in 0.5% Triton-X/PBS for 1 hour, 
then blocked in 5% normal goat serum (NGS)–0.25% Triton-X 100/PBS 
for 2 hours. Sections were then incubated in 2.5% NGS–0.25% Triton-X 
100/PBS containing antibodies to substance P (1:400; AB1566, Chemi-
con/Millipore) or GFP (1:400; MAB3580, Chemicon/Millipore), and/or 
in PBS containing anti-methionine enkephalin antibodies (1:100; no. 
20065, Immunostar); sections were incubated with gentle agitation at 
4°C for 72 hours. Next, sections were rinsed 3 times in PBS and incu-
bated in species-appropriate Alexa Fluor 488–conjugated (green) and/
or Alexa Fluor 568–conjugated (red) goat secondary antibodies (1:500; 
Invitrogen) for 2 hours. Sections were washed 3 times in PBS, mounted 
on slides, and coverslipped with ProLong Gold mounting medium with 
DAPI (Life Technologies). Images were captured with a Zeiss AxioImag-
er.M2 (Carl Zeiss AG) using the Zeiss ApoTome 2 for optical sectioning, 
with a ×20 (air) or ×40 (oil immersion) lens.

c-Fos and HA-tag immunostaining. Rats injected with Pdyn-hM4Di and 
Penk-hM4Di into NAcSh were injected i.p. with CNO (1 mg/kg) and 
perfused 1 hour later with 4% PFA. Brains were removed from the skull, 
postfixed in 4% PFA at 4°C overnight, and then cryoprotected in 30% 
sucrose. Floating brain sections (40 μm) were first washed in a solu-
tion of 0.5% Triton X-100, 1× PBS for 30 minutes at room tempera-
ture (RT). Sections were then transferred to a blocking solution of 5% 
NGS, 0.25% Triton X-100/1× PBS for 1 hour at RT. Primary antibodies 
for c-Fos (1:400; no. SC-52, Santa Cruz Biotechnology Inc.) or HA-tag  
(no. AB3254; Millipore) were added to the blocking solution and incu-
bated 12–40 hours at 4°C. Sections were then washed 4 times in 0.4% 
Triton X-100/1× PBS solution and subsequently incubated with Alexa 
Fluor 568–conjugated (red) secondary antibodies (1:400; Invitrogen) 
in blocking solution for 1–2 hours. After incubation, sections were 
washed in 0.4% Triton X-100/1× PBS solution, mounted on slides, and 
coverslipped with Vectashield Hard Set Mounting Medium containing 
DAPI (Vectorlabs). Images were captured with the MVX10 Stereoscope 
(Olympus) using the MicroSuite Biological Suite 3.1 and fluorescence 
complimentary to the red diode (c-Fos) and 405 diode (DAPI). Images 
were also captured using the ArcturusXT (Applied Biosystems) micro-
scope. ROIs encompassing the ipsilateral and contralateral NAcSh and 
VTA were analyzed (n = 4–5/group) using ImageJ v1.45 software (NIH).
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