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Drugs of abuse hijack a mesolimbic pathway
that processes homeostatic need
Bowen Tan†, Caleb J. Browne†, Tobias Nöbauer†, Alipasha Vaziri*,
Jeffrey M. Friedman*, Eric J. Nestler*

INTRODUCTION: Drugs of abuse produce plea-
surable feelings and reinforce consummatory
behavior directed toward their acquisition.
These same properties are characteristic of
natural rewards that satisfy innate needs, such
as food or water. Decades of research has shown
that brain systems processing natural rewards
are also impacted by drugs of abuse at the
physiological, circuit, cellular, andmolecular
levels. These findings raise the hypothesis that
drugs of abuse cause addiction by “hijack-
ing” a common reward pathway, ultimately
promoting drug intake while curbing other

healthy goals. However, the specific neural sub-
strates for such a shared reward pathway re-
main unidentified.

RATIONALE: Identification of a neural substrate
that processes multiple classes of rewards ne-
cessitates multimodal analysis of neurobiolog-
ical functions. This includes pinpointing central
nodes that respond to reward exposure, exam-
ining specific cell types within this brain node
that encode distinct rewarding experiences
within the same individual, and identifying
molecular effectors that mediate cellular and

physiological adaptations. For this purpose,
we employ a combination of approaches in-
cluding whole-brain neuronal activity map-
ping, in vivo two-photon longitudinal calcium
imaging at single-neuron resolution, and single-
cell sequencing after in vivo CRISPR pertur-
bation of a candidate gene. Thesemultifaceted
approaches enable the exploration of multiple
components that comprise a common reward
pathway and allow us to study how repeated
drug exposure “hijacks” innate needs through
this shared conduit.

RESULTS:Usingwhole-brainFOSmapping com-
bined with chemogenetic inhibition approaches,
we identify the nucleus accumbens (NAc) as a
central hub necessary for both cocaine and
morphine to disrupt natural reward (food and
water) consumption. In vivo longitudinal track-
ing of individual dopaminoceptive neuron activ-
ity in the NAc in awake, behavingmice revealed
overlapping ensemble responses across drugs of
abuse andnatural rewards,withdrugsproducing
greater levels of activation. Repeated exposure
to drugs of abuse augmented cell type–specific
neural dynamics indicative of an escalation of
drug responses, and subsequently disorganized
natural reward processing in the NAc after
drug withdrawal. We then developed a “FOS-
Seq” approach to correlate brain-wide FOS pat-
terns with brain-wide in situ gene expression
data. We identified Rheb, a gene encoding a
small GTPase that activates the mTOR path-
way, as being correlated with FOS induction by
chronic exposure to either cocaine ormorphine.
By integrating in vivo CRISPR perturbation
of Rheb with single-nucleus RNA sequencing in
the NAc, we demonstrated an essential role of
Rheb in regulating signal transduction path-
ways associated with drug action in dopami-
noceptive cells, and in diminishing natural
reward consumption after chronic exposure to
drugs of abuse. Finally, functional mapping of
NAc-projecting neurons from regions that are
activated by drugs of abuse points to orbito-
frontal cortex as a potential ascending node that
curbs natural reward consumption as verified
with chemogenetic activation.

CONCLUSION:We delineated a common reward
pathway that enables drugs of abuse to inter-
fere with the fulfillment of homeostatic needs
for food or water. These findings provide mech-
anistic insights into the intensification of drug-
directed behavior in substance use disorders.▪
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Abused drugs subvert neural substrates processing natural reward. Convergent approaches leveraging
brain-wide FOS and circuit mapping (left panel, top), cell type–specific longitudinal calcium imaging in
behaving mice (left panel, bottom, and middle panel), and integrated FOS-gene correlations (right panel,
top) with CRISPR perturbation and single-cell transcriptomics (right panel, bottom) reveal a mechanism enabling
drugs of abuse to commandeer natural reward processing systems. Repeated drug exposure progressively
augments the activity of natural reward-responsive nucleus accumbens (NAc) ensembles, interfering with
homeostatic need fulfillment mediated by means of Rheb.
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Drugs of abuse hijack a mesolimbic pathway
that processes homeostatic need
Bowen Tan1†, Caleb J. Browne2,3†, Tobias Nöbauer4†, Alipasha Vaziri4,5*,
Jeffrey M. Friedman1*, Eric J. Nestler2*

Drugs of abuse are thought to promote addiction in part by “hijacking” brain reward systems, but the
underlying mechanisms remain undefined. Using whole-brain FOS mapping and in vivo single-neuron
calcium imaging, we found that drugs of abuse augment dopaminoceptive ensemble activity in
the nucleus accumbens (NAc) and disorganize overlapping ensemble responses to natural rewards in a
cell type–specific manner. Combining FOS-Seq, CRISPR-perturbation, and single-nucleus RNA sequencing, we
identified Rheb as a molecular substrate that regulates cell type–specific signal transduction in NAc
while enabling drugs to suppress natural reward consumption. Mapping NAc-projecting regions activated
by drugs of abuse revealed input-specific effects on natural reward consumption. These findings
characterize the dynamic, molecular and circuit basis of a common reward pathway, wherein drugs of
abuse interfere with the fulfillment of innate needs.

D
rugs of abuse cause addiction by inducing
persistent neuroplastic changes in brain
reward circuits that have been evolution-
arily established todirect behavior toward
the satisfaction of need states such as

hunger or thirst (1). Drug-induced changes in
the function of these circuits narrow the scope
of motivation toward their acquisition, which
interferes with healthy goals (2, 3). Several
theories of addiction development and main-
tenance depend on this idea (4, 5), and further
imply that innate neural functions that nor-
mally process natural rewards are corrupted by
drugs of abuse. However, neurobiological rela-
tionships between drug and natural rewards
are typically inferred across studies and in
separate experimental subjects, thus leaving
the underlying physiological and molecular
mechanisms linking these functions unclear. To
address this gap, we compared the response
of key reward circuits activated by food and
water to responses to cocaine or morphine in
the same animals.

Results
The nucleus accumbens is a central nexus
of drug and natural rewards

To establish a relationship between natural
and drug reward processing, we determined

how cocaine (a psychostimulant) and mor-
phine (an opioid) affect behavioral responses
to hunger and thirst (6). These studies were
motivated by findings that individuals with
substance use disorders exhibit marked deficits
in appetite and nutrition (7). We first examined
the effects of acute cocaine or morphine on
feeding and drinking in fasted or dehydrated
mice, using doses known to be rewarding (8)
(fig. S1A). Fasted mice that received either co-
caine or morphine consumed less food during
the first 30 min of refeeding compared with
saline-treatedmice whereasmorphine exerted
a more prolonged suppressive effect on food
intake that lasted 4 hours following refeeding
(fig. S1B). Inwater-deprivedmice, acute cocaine
ormorphine exposure likewise decreasedwater
intake during the 30-min rehydration period
compared with saline. Water intake recovered
within 2 to 4 hours (fig. S1B).
We next measured the effects of repeated

drug exposure on ad libitum food or water in-
take over the course of a 5-day treatment
regimen. Repeated daily exposure to either
drug substantially reduced food and water
intake as well as body weight, compared with
saline treatment (Fig. 1, A and B). We tested
whether withdrawal from repeated cocaine or
morphine also affected behavioral responses
to hunger and thirst. Mice were treated with
cocaine, morphine, or saline for 5 days, followed
by saline administration for an additional 3 days
to produce spontaneous withdrawal (fig. S1C).
During this 3-day withdrawal, mice were
fasted or water deprived overnight and then
introduced into a new cage where they were
provided free access to food for 20 min or wa-
ter for 5min.Mice with prior repeated cocaine
or morphine exposure consumed less food or
water compared with saline-treated mice (fig.

S1D). We also performed a sucrose preference
test to assess anhedonic-like responses in with-
drawal. Although cocaine-treated mice showed
normal sucrose preference, morphine-treated
mice exhibited reduced sucrose preference
(fig. S1D).
We next identified putative brain regions

that serve as sites of integration for neural
responses to natural and drug rewards. We
employed brain-wide FOS mapping after acute
administration of either drug (Fig. 1C). Using a
SHIELD-based whole-brain clearing approach
(Fig. 1C), we observed three patterns of FOS
activation: regions showing cocaine-specific
responses, regions showing morphine-specific
responses, and regions showing shared re-
sponses (Fig. 1D). Cortical regions activated by
both drugs included three canonical addiction-
related regions: anterior cingulate area (ACA),
orbitofrontal cortex (ORB), and subiculum (SUB).
Among subcortical areas identified, the lateral
amygdala nucleus (LA), nucleus accumbens
(NAc), caudoputamen (CP), and lateral septum
(LS) showed shared responses to both drugs
(Fig. 1E). To identify brain regions showing
an augmented response after multiple doses of
morphine or cocaine, we performed additional
section-based brain-wide FOS mapping experi-
ments to compare activity across distinct
phases of drug exposure: acute, repeated, and
spontaneous withdrawal (fig. S1, E and F).
Clustering analysis identified several brain
areas showing increased FOS corresponding
to each phase, with a subset of brain areas
showing differential activation after acute drug
treatment versus withdrawal (fig. S1E). These
included the NAc, LA, claustrum (CLA), and
others (Fig. 1F). This necessitated pair-wise
comparisons of FOS from brain areas that show
similar responses to both drugs across phases of
drug exposure. Among hundreds of brain areas
analyzed, the NAc showed increased FOS after
both repeated and acute exposure to cocaine or
morphine (Fig. 1F). Moreover, NAc was one of
the top-ranked brain regions exhibiting anal-
ogous patterns of responses to cocaine versus
morphine across distinct phases.
The NAc houses two key subregions, core

and shell, which exhibit characteristic cell type
composition, circuit projections, and functions
in motivation and learning (3). We focused on
the NAc core based on its well-established role
in coordinating motivated behavior (9, 10). We
stereotaxically delivered an inhibitoryDREADD,
AAV5-hsyn-hM4Di-mCherry, or a control AAV5-
hsyn-mCherry bilaterally to theNAc, and 3weeks
later assessed food and water intake after
combined treatment with clozapine N-oxide
(CNO) plus cocaine, morphine, or saline (fig.
S2A). Chemogenetic silencing of NAc neu-
rons prevented the cocaine- and morphine-
induced reductions in food and water intake
and body weight during repeated drug expo-
sure (fig. S2B). This chemogenetic silencing
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Fig. 1. Whole-brain FOS mapping identifies shared and distinct brain
regions activated by repeated exposure to cocaine and morphine. (A) Schematic
of the experimental design for repeated exposure to drug rewards versus saline.
Comparisons of (B) Cumulative food and water intake and weight (percent)
over the 5-day treatment [n = 10, 10, and 10, for the saline, cocaine, and
morphine group, respectively; two-way analysis of variance (ANOVA) with
Dunnett’s multiple comparisons.] (C) Schematic of the experiment design for
repeated exposure to drug rewards versus saline followed by whole-brain clearing
and mapping to the Allen Brain Atlas. (D) Heatmap overview of brain areas
showing significant FOS induction across three groups (One-way ANOVA for each
brain area with cut-off P < 0.05 classified as statistically significant, followed by

K-means clustering]. (E) Scatter plot of FOS levels in cortical areas in response
to cocaine versus morphine (left). Scatter plot of FOS levels in subcortical areas
in response to cocaine versus morphine (right). Common response: areas
showed significant changes (P < 0.05) of FOS+ counts in cocaine and morphine
groups compared with the saline group; cocaine or morphine specific: areas only
showed significant changes in FOS+ counts in either the cocaine or morphine
group compared with the saline group. (F) Similarity of FOS responses across
different phases of drug exposure (top). Heatmap representations of brain areas
after acute or repeated exposure to cocaine or morphine or after spontaneous
withdrawal (bottom). All error bars represent mean ± SEM. NS, not significant.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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also blocked the suppressive effects of the
drugs on refeeding and rehydration during
spontaneous withdrawal (fig. S2, E and F).
We next administered cocaine or morphine to
these DREADD-expressing groups, and saline
to themCherry-expressing control group. Five-
day repeated exposure to cocaine or morphine
suppressed natural reward consumption and
reducedbodyweight in theDREADD-expressing
groups without CNO treatment (fig. S2, C and
D). Silencing NAc neurons in the control group
that received saline without drug exposure had
no effect on food or water intake (fig. S2G).
Histological analysis confirmed that inhibi-
tory DREADD expression was targetedmainly
to the NAc core (fig. S2H).
The NAc’s principal projection neurons are

medium spiny neurons (MSNs) which predom-
inantly express either D1 or D2 dopamine re-
ceptors. These D1 and D2 populations exhibit
distinct input-output architecture and are dif-
ferentially engagedbydrugsof abuseandnatural
rewards (11–13). We dissected the functional
role of these two cell types in coordinating in-
teractions between drug and natural rewards
using an optogenetic approach in behavioral
paradigms measuring key motivational out-
comes. We recently demonstrated decreased
food or water intake in a loss-of-function ex-
perimental setting, in which we optogeneti-
cally silenced these dopaminoceptive neurons
in fasted or water-deprived mice (9). Our ex-
perimental objective herewas to conduct a gain-
of-function neural activation that emulated
drug-induced effects on consummatory behav-
iors. We first stereotaxically delivered AAV5-
hsyn-FLEX-ChR2 bilaterally in NAc of D1-Cre
or D2-Cre transgenic mice, followed by implan-
tations of optic fibers above the injection sites.
We then optogenetically activated D1 or D2
MSNs in fasted mice with free access to food
for 10min, followedby 10min laser off (fig. S3A).
Activation of D1 or of D2 MSNs potently de-
creased food intake in fasted mice during re-
feeding. Mice with prior activation of D2 MSNs
showed compensatory overeating after laser
stimulation whereas this was not observed in
micewith prior activation of D1MSNs (fig. S3A).
Similarly, acute activation of D1 or D2 MSNs
potently decreasedwater intake in dehydrated
mice (fig. S3B). In this case,weobserved rebound
water consumption after laser termination in
both D1 and D2 mice (fig. S3B).
We then tested the influence ofD1 orD2MSN

activation on generalized locomotor activity.
Activation of D1MSNs substantially elevated
locomotor activity in ad libitum fed mice
whereas activation of D2MSNs substantially
decreased locomotor activity (fig. S3C) (13–16).
We also tested whether activation of D1 or D2
MSNs conveyed valence signals independent
of overall locomotion using real-time-place-
preference. Activation of D1 MSNs increased
preference of animals for the stimulation side,

indicative of D1 neurons conferring positive
valence whereas activation of D2 neurons
caused an avoidance response to the stimula-
tion side, indicative of conferring negative va-
lence (fig. S3D).

Drugs and natural rewards activate an
overlapping set of NAc neurons

To determine whether drugs and natural re-
wards activate separable or overlapping pop-
ulations of NAc neurons, we recorded the
activity of individual neurons in response to
food and water consumption versus acute or
repeated administration of cocaine or mor-
phine. We directly tracked NAc D1 and D2
MSN activity at single-cell resolution using
gradient-index (GRIN) lens-based two-photon
calcium imaging in headbar-fixed, treadmill-
runningmice (fig. S4, A and B) (9). Histological
analysis confirmed that GCaMP6s expression
was targetedmainly to the NAc core (fig. S4A).
We first recorded individual neuronal responses
during feeding and drinking after food or water
deprivation, then before and after administra-
tion of drugs of abuse for five consecutive days,
followed by imaging the same sets of neuronal
responses to food andwater during drug with-
drawal (Fig. 2A). Responses ofD1 andD2MSNs
to food and water consumption after a period
of deprivation were similar to that in our pre-
vious report (9).
Cocaine administration elicited a pattern of

D1 activation with a high proportion of over-
lap with those neurons activated by food or
water (Fig. 2B). Only 5 of 111 total detected D1
MSNs (4.5%) were activated by cocaine alone.
To precisely compare the magnitudes of neu-
ral responses to food and water versus cocaine,
we quantified the Ca2+ transient peak ampli-
tudes post food and water consumption versus
post cocaine administration. Among the D1
MSNs activated by all three types of rewards
(i.e., food, water, and cocaine), the responding
neurons were more potently activated by co-
caine with significantly greater peak ampli-
tudes (Fig. 2, D and E). Cocaine also activated
an ensemble of D2 MSNs but this was a much
smaller number compared with D1 neurons,
with nonsignificant overlap with natural re-
ward (Fig. 2F) and no difference in activation
magnitudes (Fig. 2, H and I).
There was also extensive overlap between

morphine-activated D1 MSNs that responded
to food or water (Fig. 2J) with 5 of a total 85 D1
MSNs (6.2%) activated solely by morphine. For
D2 MSNs, the overlap between morphine and
natural rewardswas partial, withmorphine alone
activating 41 neurons versus 75 neurons that also
responded to food or water (Fig. 2N). Morphine
elicited a roughly equivalent cellular response
in D1 and D2 MSNs, both of which exceeded
responses to natural rewards (Fig. 2, K to M).
Cocaine and morphine increase locomotor

responses in mice whereas striatal function

controls both locomotor activity and reward
processing (14, 16). Thus, to segregate reward-
specific and locomotor-specific profiles of D1
and D2 responses, we compared the level of
treadmill running to neural responses in cocaine-
or morphine-responsive neurons to character-
ize motor- or nonmotor-associated (i.e., putative
reward-processing) activity profiles (fig. S4,
C and D). We made this assignment in a non-
biased manner but in retrospect noted clear
anatomic differences in the focal plane between
the motor- and nonmotor-associated ensembles
(fig. S4E). Using these classifications we found
that cocaine synchronized nonmotor-associated
D1 MSNs (fig. S4, F and J) to a greater degree
than motor-associated neurons (fig. S4, H and
J), which only showed modest synchronization
at 40 min (P = 0.038). By contrast, cocaine did
not synchronize the activity of D2MSNs (fig. S4,
F and J). On the other hand, morphine synchro-
nized the nonmotor D2MSNs (fig. S4, G and J),
but notD1MSNs (fig. S4, I and J).We also found
a significant interaction effect between each
drug reward and each cell type (fig. S4J).

Repeated drug exposure tunes cell type–specific
NAc dynamics

Repeated drug exposure causes dynamic, cumu-
lative plasticity within the NAc that has been
suggested to contribute to behavioral abnormal-
ities underlying addiction (1, 17–20). To examine
whether repeated exposure to cocaine or mor-
phine causes neuroplastic changes within en-
sembles of D1 and D2 neurons, we utilized
tensor component analysis (TCA) (Fig. 3A),
which reduces and organizes multi-trial neuro-
nal dynamics into lower-dimensional factors,
effectively subgrouping the responding neu-
rons based on their within-trial dynamics and
across-trial evolution (21). A subset of D1 MSNs
showed amplified responses to cocaine over
5 days (Fig. 3B), whereas a separate group of
D1 MSNs that did not respond to acute cocaine
displayed decreasing activity over the course of
drug treatment (Fig. 3C). Repeated exposure
to cocaine did not show an amplifying effect
on D2 MSN activity (Fig. 3, F and G). By con-
trast, repeated morphine exposure amplified
subsets of both D1 and D2 neural responses
over time (Fig. 3, J and N), while, similar to
cocaine, the inactive D1 neural cluster showed
a decreasing trend over trials (Fig. 3K). The
distinct augmentation of neural responses in-
duced by repeated exposure to cocaine versus
morphine identifies drug-specific—potentially
pathological—changes in D1 versus D2 MSNs
within NAc. This shift in ensemble dynamics
was not observed throughout serial testing
with natural rewards (9).

Withdrawal from drug exposure disorganizes
neural responses to natural rewards

A hallmark of addiction is the propensity for
relapse after periods of abstinence, suggesting
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Fig. 2. An overlapping set of dopaminoceptive neurons exhibit preferential
activation in response to drugs of abuse over natural rewards. (A) Schematic
of the experimental design for comparing neuronal responses to natural versus drug
rewards. (B) Venn diagram of D1 MSNs activated by food, water, or cocaine;
n = 111 neurons pooled from three mice across all sessions recorded. (C) Distribution
of average peak responses of D1 MSNs activated by food, water, or cocaine.
(D) Distribution of preferential activation strength of D1 MSNs between food/water
versus cocaine. (E) Comparison of peak responses of the neurons activated by
food/water and cocaine (n = 44 neurons, two-tailed Wilcoxon test). (F) Venn
diagram of activated D2 MSNs among food, water, and cocaine; n = 46 neurons
pooled from three mice across all sessions recorded. (G) Distribution of averaged
peak responses of the D2MSNs activated by food, water, and cocaine. (H) Distribution
of preferential activation strength of D2 MSNs between food/water versus cocaine.
(I) Comparison of the peak responses of the neurons activated by food/water and

cocaine (n = 5 neurons, two-tailed Wilcoxon test). (J) Venn diagram of D1 MSNs
activated by food, water, or morphine; n = 85 neurons pooled from three mice across
all sessions recorded. (K) Distribution of average peak responses of the D1 MSNs
activated by food, water, and morphine. (L) Distribution of preferential activation
strength of D1 MSNs between food/water versus morphine. (M) Comparison of the
peak responses of the above neurons activated by food/water and morphine
(n = 33 neurons, two-tailed Wilcoxon test). (N) Venn diagram of D2 MSNs
activated by food, water, or morphine. n = 170 neurons pooled from three mice
across all sessions recorded. (O) Distribution of average peak responses of the D2
MSNs activated by food, water, and morphine. (P) Distribution of preferential
activation strength of D2 MSNs between food/water versus morphine. (Q) Comparison
of the peak responses of the neurons activated by food/water and morphine
(n = 38 neurons, two-tailed Wilcoxon test). All error bars represent mean ± SEM.
NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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that prior consumption of drugs of abuse causes
protracted disruptions in reward processing.
We therefore examined whether withdrawal
from repeated drug exposure interferes with
homeostatic responses to food or water. Two
days after the last drug injection (i.e., on day 7),
mice were fasted (or dehydrated) and allowed
to consume food (or water); the sameD1 or D2
MSNs were then imaged. During refeeding,
three distinct clusters are activated during the

consummatory phase correlating with meal
initiation, continued feeding, and meal ces-
sation (9). However, we found that during co-
caine withdrawal these three D1 neuronal
clusters were entirely disordered with signif-
icantly reduced variances. This change was cap-
tured by a reduced percentage of activated D1
MSNs and a diminution of correlated neuro-
nal activity, with the reduced variance ratio
explained by the top three principal compo-

nents (PCs) representing the structure of neural
dynamics (Fig. 4, A to E). However, cocaine
withdrawal did not alter D2 neuronal re-
sponses to natural rewards (Fig. 4, F to J). By
contrast, duringmorphinewithdrawalD2MSNs
showed markedly increased activation with
increased variance ratio explained by the top
three PCs (Fig. 4, P to T), whereas morphine
withdrawal did not alter the responses of D1
MSNs (Fig. 4, K to O).

Fig. 3. Repeated cocaine or morphine exposure
augments the activity of subsets of dopaminoceptive
neurons. (A) Schematic of tensor component analysis
(TCA). (B) Cocaine-induced D1 neural state 1 and
linear regression of the representation of neural state
1 across all sessions. (C) Cocaine-induced D1 neural
state 2 and linear regression of the representation
of neural state 2 across all sessions. (D) Loading factors
of neurons contributing to state 1 relative to state 2
(n = 119 neurons merged from three mice across
all 15 sessions). (E) Comparison of D1 MSNs positively
contributing to cocaine-induced neural state 1 between
session 1 and 5 (n = 46 neurons, two-tailed Wilcoxon
test). (F) Cocaine-induced D2 neural state 1 and linear
regression of the representation of neural state 1
across all sessions. (G) Cocaine-induced D2 neural
state 2 and linear regression of the representation of
neural state 2 across sessions. (H) Loading factors
of neurons contributing to state 1 relative to state 2
(n = 45 neurons merged from three mice across
all 15 sessions). (I) Comparison of D2 MSNs positively
contributing to cocaine-induced neural state 1 between
session 1 and 5 (n = 26 neurons, Wilcoxon). (J) Morphine-
induced D1 neural state 1 and linear regression of the
representation of neural state 1 across all sessions.
(K) Morphine-induced D1 neural state 2 and linear
regression of the representation of neural state 2
across all sessions. (L) Loading factors of neurons
contributing to state 1 relative to state 2 (n = 95 neurons
merged from three mice across all 15 sessions).
(M) Comparison of D1 MSNs positively contributing to
morphine-induced neural state 1 between session
1 and 5 (n = 68 neurons, Wilcoxon). (N) Morphine-
induced D2 neural state 1 and linear regression of the
representation of neural state 1 across all sessions.
(O) Morphine-induced D2 neural state 2 and linear
regression of the representation of neural state 2
across all sessions. (P) Loading factors of neurons
contributing to state 1 relative to state 2 (n =
155 neurons merged from three mice across all
15 sessions). (Q) Comparison of D2 MSNs positively
contributing to morphine-induced neural state 1
between session 1 and 5 (n = 97 neurons, two-tailed
Wilcoxon test). All error bars represent mean ± SEM.
NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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Rheb mediates drug-induced interference
of natural reward processing
These calcium imaging findings establish a
model of neural dynamics wherein drugs of
abuse modulate the activity of individual NAc
neurons that normally process physiological
needs. To explore the potential mechanisms
by which drugs alter neural dynamics, we de-
veloped an in silico approach termed “FOS-Seq”
that leverages the aforementioned brain-wide
activity mapping data to search for potential
molecular substrates essential for the effects of
drug rewards on food and water consumption
(22). We computationally compared the ana-
tomic distribution of FOS to that of individual
genes in the Allen Brain Atlas and computed
PearsonCorrelationCoefficients (PCC) between
brain-wide FOS activity vectors and individual
in situ expression vectors (ISH vectors) for each
gene (Fig. 5A and fig. S5A) (23). This approach
reliably captured canonical marker genes tem-
porally associated with the addicted state (Fig.
5, B and C, and fig. S5, B and C). Specifically,
after repeated exposure to cocaine, we identi-
fied a positive correlation between FOS and
Drd1, Drd2, Drd3, Deaf1, Fosb, and Lcn2 ex-
pression (Fig. 5). Additionally, the Oprl1 and
Rxra genes were negatively correlated with
FOS whereas the Oprm1 gene was not corre-
lated with FOS (Fig. 5B). By contrast, repeated
exposure tomorphine elicited positive correla-
tions between FOS and Fosb and Crebbp (Fig.
5C). We also found a negative correlation be-
tween FOS and Agt, Htr2c, Oprl1, Oprm1, and
Oprk1 expression (Fig. 5C). By contrast, the
reference “housekeeping” gene serving as a
negative control, Hprt, was not significantly
correlated with either group (Fig. 5, B and C).
To validate this in silico approach,we conducted
the same analysis for FOS activity vectors from
acute exposure and spontaneous withdrawal
of cocaine or morphine. Again, this approach
consistently captured canonical marker genes
known to show changes in gene expression in
response to each of the two drugs of abuse (fig.
S5, D and E). To directly identify genes from
FOS-Seq that are shared between repeated co-
caine and morphine exposure, we generated a
scatter plot of PCCs for each gene by analyzing
the intersection among those that were sig-
nificantly correlated with FOS (Fig. 5D). We
found Rheb as a top-ranked gene positively
correlated with FOS, and shared by repeated
exposure to cocaine ormorphine (Fig. 5D).Rheb
encodes a GTP-binding protein that phospho-
rylatesmTOR and activates downstreampath-
ways (24). Several other genes in the mTOR
pathway are likewise significantly correlated
with FOS activity (fig. S5, C and D) (31–36).
Because we found that inhibiting NAc neu-

rons blunts the ability of drugs of abuse to sup-
press natural reward consumption (fig. S2), we
tested whether Rhebmay have a role in coordi-
nating this effect.We generated a region-specific

Fig. 4. Disorganized
cell type–specific
responses to natural
rewards following
cocaine or morphine
withdrawal. (A and B)
Representative heatmaps
of D1 neuronal responses
(top panels) to food
prior to cocaine exposure
or following cocaine
withdrawal (n = 176
matched neurons), and
nonnegative matrix
factorization (NMF)
representation of neu-
ronal states labeled by
k-means clustering
(bottom panels) (C) Per-
centage of D1 MSNs
activated by food or
water (n = 914 matched
neurons, 13 matched
sessions, three mice).
(D) Variances explained
by top three principal
components (PCs) during
food and water con-
sumption (n = 13
matched sessions, three
mice). (E) D1 responses
to food and water
(n = 914 matched neu-
rons). (F and G) Repre-
sentative heatmaps
of D2 responses to food
prior to cocaine expo-
sure or following cocaine
withdrawal (n = 118
matched neurons),
and NMF representation
of neuronal states.
(H) Percentage of D2
MSNs activated by food
or water (n = 488
neurons, 12 sessions,
three mice). (I) Variances
explained by top 3 PCs
during food and water
consumption (n = 12
sessions, three mice).
(J) D2 responses to
food and water pre/post cocaine (n = 488 matched neurons). (K and L), Representative heatmaps of D1
responses to food prior to morphine exposure or following morphine withdrawal (n = matched 52 neurons), and
NMF representation of neuronal states. (M) Percentage of D1 MSNs activated by food or water pre/post morphine
(n = 587 matched neurons, 10 sessions, three mice). (N) Variances explained by top 3 PCs during food and
water consumption (n = 10 sessions, three mice). (O) D1 responses (n = 587 matched neurons). (P and Q) Repre-
sentative heatmaps of D2 responses to food prior to morphine exposure or following morphine withdrawal
(n = 284 matched neurons) (N) and NMF representation of neuronal states. (R) Percentage of D2 MSNs activated
by food or water (n = 1174 neurons, 11 sessions, three mice). (S) Variances explained by top 3 PCs during food
and water consumption (n = 11 sessions from three mice). (T) D2 responses to food and water (n = 1174 neurons).
The Fisher’s exact test was used to compare the percentages of neurons. The two-tailed paired t test was used to
compare variance ratios. The two-tailed Wilcoxon test was used to compare the neuronal responses. All error bars
represent mean ± SEM. NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. Rheb regulates
cell type–specific signal
transduction and is
necessary for the ability
of repeated cocaine and
morphine exposure to
suppress natural reward
consumption. (A) Sche-
matic of the in silico FOS-Seq
approach to identify genes
associated with brain-wide
FOS patterns. Genes
with Pearson Correlation
Coefficient > 0.15 or < −0.15
and P < 0.05 are classified
as positively correlated
or negatively correlated
genes. Adjusted P-values
are FDR-corrected at
5% threshold. (B) Volcano
plot of genes associated
with repeated exposure
to cocaine. (C) Volcano plot
of genes associated with
repeated exposure to
morphine. (D) Scatter plot
of Pearson coefficient
from genes associated with
repeated exposure to cocaine
versus Pearson coefficient
from genes associated with
repeated exposure to
morphine. (E) Schematic of
in vivo NAc region-specific
knockout of Rheb gene
by co-expressing Cre and
Rheb-sgRNAs or their
control scrambled-sgRNAs
in NAc core in LSL-Cas9
transgenic mice. (F) Immu-
nohistochemistry validation
of pS6 levels in the NAc
from the Rheb knockout
(Rheb-KO) group versus the
Control group at baseline
(scale bar: 100 mm).
(G) Quantification of total
pS6 fluorescent intensity in
the NAc (n = 6 sections
per group, with 2 sections
per animal, three animals
per group. The 2 sections
were each chosen from
anterior and posterior NAc,
with at least 200 mm apart). (H) Schematic of snRNA-seq after CRISPR perturbations
(n = 7001 cells mapped with either sgRNA). (I) Distribution of Drd1+ cells in the
UMAP. (J) Differentially expressed genes in Rheb-KO cells versus control cells
in the D1-MSNs1 cluster (n = 598 and 390 cells, respectively). (K) Distribution of
Drd2+ cells in the UMAP. (L) Differentially expressed genes in Rheb-KO cells
versus control cells in the D2-MSNs1 cluster (n = 449 and 375 cells, respectively).
(M) Venn diagram of genes significantly regulated by Rheb-KO between D1-MSNs1

and D2-MSNs1 clusters. (N and O) Comparisons of 5-day averaged daily food
and water intake (grams) as well as weight (percent) after 5-day drug exposure in
the Rheb-KO group treated with saline for 5 days followed by another 5-day
cocaine or morphine treatment (n = 10, and 8 for the Control and Rheb-KO groups,
respectively. Two-way ANOVA with Šidák’s multiple comparisons). All error bars
represent mean ± SEM. NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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knockout ofRheb or its control by stereotaxically
delivering AAV5-hsyn-Cre and AAV5-Rheb-
sgRNAs-hsyn-mCherry or AAV5-control-sgRNAs-
hsyn-mCherry bilaterally in the NAc core of
LSL-Cas9 transgenic mice (Fig. 5E). We first im-
munohistochemically probed levels of phospho-
S6 (pS6, a ribosomal protein), a well-established
marker for RHEB-mTOR activity (25), in the
NAc of the Rheb knockout and control mice
(Fig. 5F). TheRheb knockout (Rheb-KO) group
showed decreased pS6 fluorescence in the NAc
core compared with the control group (Fig. 5,
F andG, and fig. S7E), suggesting high knockout
efficiency of Rheb with this CRISPR approach.
We conducted single-nucleus RNA-sequencing
(snRNAseq) from neurons in the NAc core and
mapped those transduced with sgRNAs post
hoc to examine cell type–specific effects of Rheb
knockout (Fig. 5H). snRNAseq of NAc core re-
vealed 18 different clusters that were marked
by single or double molecular markers (fig. S6,
A and B). D1 (Drd1+) and D2 (Drd2+) cells were
spatially segregated in the UMAP (Fig. 5, I to
K). Among these cells, D1 MSNs were further
comprised of three subtypes: cluster1Drd1/Pdyn
(D1-MSN1), cluster5Drd1/Tshz1 (D1-MSN2), and
cluster11Drd1/Drd3 (D1-MSN3); D2MSNs were
also comprised of three subtypes: cluster2Drd2/
P2ry1 (D2-MSN1), cluster7Drd2/Reln (D2-MSN2),
and cluster14 Drd2/Htr7 (D2-MSN3).
Using our snRNAseq results, we evaluated

how Rheb knockout affected D1 and D2 MSNs.
Prior reports show that in vivo CRISPR per-
turbation induces both frameshift and in-frame
mutations, thus resulting in subsets of cells
that escape perturbations (26, 27). To parse
these “escaped” cells, we applied Mixscape anal-
ysis (26), a validated algorithm that classifies
Rheb-sgRNAs+ cells into perturbed and escaped
cells compared with Control-sgRNAs+ cells (fig.
S6C). Perturbed cells were specific within D1-
MSN1 and D2-MSN1 clusters, two main sub-
types of D1 and D2 MSNs (fig. S6D). We next
performed differential gene expression analy-
sis on perturbed versus control cells from D1-
MSN1 and D2-MSN1 clusters (Fig. 5, J and L).
Rheb knockout decreased expression of Htr2c,
which encodes the 5HT2C serotonin receptor,
and increased expression of Cacnb2, which en-
codes a voltage-gated calcium channel subunit,
as well as Cnr1, which encodes the CB1 canna-
binoid receptor, in both D1-MSN1 and D2-MSN1
clusters (Fig. 5, J and L). In contrast to this
common set of genes, Rheb knockout in D1-
MSN1 specifically decreased Pde1a and Pde4d,
which encode phosphodiesterase enzymes asso-
ciated with cAMP signal transduction. In D2-
MSN1, Rheb knockout decreased expression of
Drd2 (Fig. 5, J and L). Overall, Rheb knockout in
D1-MSN1 and D2-MSN1 led to transcriptional
regulation of both common and distinct subsets
of genes (Fig. 5M). Gene ontology analysis re-
vealed that distinct pathways within each cell
type were affected by Rheb knockout (fig. S6E).

Considering that Rheb knockout produces
transcriptomic consequences that are associ-
ated with drug signaling within the NAc core,
we examined whether Rheb has a causal role
in mediating the behavioral effects of drugs of
abuse on natural reward consumption. Mice
received viral transduction of Rheb-sgRNAs or
control-sgRNAs in the NAc core and were sub-
sequently administered saline for 5 days, fol-
lowed by an additional 5 days of repeated
exposure to cocaine or morphine. In the knock-
out group, cocaine and morphine no longer
decreased food or water intake or body weight
compared with prior saline treatment in the
same animals (Fig. 5, N andO, and fig. S7, B and
D). By contrast, the control-sgRNA group con-
sistently showed reduced consumption of nat-
ural rewards by both drugs (Fig. 5, N andO, and
fig. S7, A and C). We also observed a significant
interaction effect between treatment (saline
versus cocaine or morphine) and perturbation
(control versus Rheb-KO) (Fig. 5, N and O).

Identification of NAc inputs for integration
of natural and drug reward

TheNAc receives inputs fromnumerous regions
that carry information relevant to reward pro-
cessing across drug classes (11, 28–30). By con-
trast, there are few direct inputs from brain
regions that sense physiological needs such as
arcuate nucleus neurons that regulate feeding
or subfornical organ neurons that regulate
fluid intake (31–33).We set out to identify how
signals reflecting physiological needs relay to
the NAc. We delivered rAAV2-retro-CAG-GFP
virus unilaterally to the NAc to label mono-
synaptic inputs. Mice then received repeated
injections of cocaine, morphine, or saline (figs.
S8 and S9), followed by SHIELD-based whole-
brain mapping of FOS and GFP expression in
the same brain. This enabled us to overlay sites
of FOS activation with sites that project mono-
synaptically to NAc and express GFP from the
retrograde NAc tracer. We then overlaid GFP
density and FOS activity in the same brain in
response to each stimulus (figs. S8 and S9). LS,
SUB, anterior dorsal thalamus (ATN), prefron-
tal cortex (ORB, ILA, PL, and ACA), ectorhinal
area (ECT), and amygdala (LA, CLA) showed
FOS after both cocaine and morphine treat-
ment while also showing strong retrograde GFP
signals fromNAc (fig. S10, A and C). To examine
the causal roles of these nodes, we conducted
gain-of-function chemogenetic activation exper-
iments.We delivered rgAAV-hSyn-DIO-hM3D(Gq)
into the NAc core and delivered AAV5-hSyn-
Cre to different mouse groups (excluding the
control group) in the following areas: LS, ORB,
ventral SUB (vSUB), ATN/aPVT, ACA, LA/BLA,
medial PFC (mPFC: ILA, PL, Cg1), or CLA/ECT
(fig. S10, D and E). This combined retrograde-
DREADD and Cre-labeling strategy enables spe-
cific expression of an activating-DREADD in
NAc-projecting neurons in each of these areas.

CNO was administered to each group of mice
and food or water consumption was mea-
sured. Activation of LS orORBneurons among
these 8 NAc-projecting nodes decreased food
consumption (fig. S10D). Moreover, only the
activation of ORB neurons decreased water
consumption (fig. S10D).

Discussion
Divergent cellular dynamics link drug
and natural reward processing

Our ensemble imaging data revealed that co-
caine and morphine more robustly activate
neurons within NAc that also respond to nat-
ural rewards in a cell type–specific manner. Re-
peated exposure to these drugs also caused
progressive tuning of response patterns, which
contrasts with the fixed neural responses to
repeated consumption of palatable food or
water (9). These results imply that drug ex-
posure dysregulates a highly coordinated sys-
tem that normally matches physiological need
to appetitive behavior. Further, we found that
cocaine- andmorphine-induced changes inNAc
cellular dynamics differentiated their prefer-
ential actions across D1 and D2 MSNs. Con-
sistent with evidence from previous studies
(34), we observed that cocaine almost exclu-
sively activates D1 MSNs and amplifies their
activity with repeated exposure whereas mor-
phine activates and amplifies both D1 and D2
MSN activity. This cell type–specific evolu-
tion of NAc dynamics could reflect divergent
neural substrates that coordinate separable
responses across drug classes and that are
computed in the same brain region to enhance
the reward value of each drug while interfer-
ing with value processing for natural rewards.
In addition to physiological symptoms, with-
drawal from drug intake produces dysphoria
and negative affect, which potentially reflect
a rebound frompositive to negative valence. D2
MSN activation can promote aversive effects,
whereas D1 activation promotes positive re-
inforcement (12, 13, 35). Therefore, the dimin-
ished D1 neuronal responses to natural rewards
observed during withdrawal from cocaine may
reflect an interference with appetitive behavior,
whereas augmented D2 neuronal responses
during morphine withdrawal may reflect a shift
toward negative affect. Thus, our results point
to partly separable neuronal coding principles
across drug classes with direct relevance to ad-
diction and withdrawal.

Rheb links drug exposure with natural
reward processing

Repeated drug exposure drives molecular
changes in NAc which are thought to underlie
long-term plasticity. Numerous studies have
implicated cell type–specific molecular pro-
cesses within NAc that mediate the addictive
actions of drugs of abuse (36). One example is
DFOSB, whose D1 MSN-specific induction by
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chronic cocaine and combined D1 and D2
MSN induction by chronic opioids mirrors
the patterns of NAc neuronal activation ob-
served here (37). Notably, DFOSB is also in-
duced by high levels of consumption of natural
rewards and this induction in turn increases
such consumption (38). However, this mecha-
nism is self-limited for natural rewards, which
do not show the amplification of signals over
time as do drugs of abuse. This raises the ques-
tion of whether specific molecular substrate(s)
within NAc drives the pathological effects of
drug exposurewhile simultaneously interfering
with innate responses to natural rewards. Our
study identifies such a substrate—the mTOR
activator, RHEB—as a crucial intermediate
specifically linking the ability of drug expo-
sure to attenuate food and water consump-
tion. Sustained mTOR activation in NAc by
repeated drug exposure might thus facilitate
the development of neural plasticity during
the pathogenesis of addiction. Previous studies
have shown that reducing mTOR activity in
NAc with rapamycin, a potent mTOR inhibitor,
inhibits cue-induced reinstatement of cocaine-
seeking without affecting cue-induced sucrose
seeking behavior, indicating a specific role for
mTORactivity in drug action (39–41). However,
these effects appear to be region-specific as
reducing mTOR activity in ventral tegmental
areas mediates morphine tolerance (42). Single-
cell sequencing and spatial transcriptomics
have revealed considerable cellular heteroge-
neity within NAc (43–47), but it remains un-
known howmTOR signaling controls divergent
actions of cocaine and morphine. One possi-
bility, suggested by our imaging and snRNA-
seq results afterRheb knockout, is that cocaine
versus opioid rewards preferentially sensi-
tize firing rates of distinct cell types, and that
the intracellular mTOR pathway is then es-
sential for each cell type–specific drug ac-
tion. This raises a future line of research to
understand how a generic signal transduction
pathway distinguishes between rewarding
stimuli and adapts neural sensitivity accord-
ingly (48–50). Further, the development of
new tools that enable combined in vivo single-
neuron calcium imaging with CRISPR per-
turbations will be crucial to resolving how
RHEB-mTOR signaling processes both appet-
itive and aversive aspects of motivation at
the level of neural dynamics (51). Answering
these fundamental questions could potentially
lead to development of cell type–specific mTOR
modulators that would enhance addiction treat-
ment options.

Drugs and natural rewards engage similar
NAc inputs

The NAc is an integrative node in the limbic
circuitry that is essential for reward process-
ing and generating motivated behavior. These
processes require integration of complex in-

teroceptive and exteroceptive signals, infor-
mation relevant to learned associations among
sensory stimuli, reward acquisition, and antic-
ipatory and coordinated motoric output cen-
ters. It is therefore likely that specific input/
output networks connected with NAc influ-
ence the specific information being processed
within the NAc. Although our results suggest a
role for theNAc in sensing hunger and thirst, the
NAc receives very few direct ascending inputs
from canonical energy and fluid homeostasis
nodes such as the hypothalamic arcuate nu-
cleus or subfornical organ, respectively (32, 52).
We used a whole-brain approach, which pro-
vided a comprehensivemapof ascendingnodes
activated by both cocaine and morphine that
project to NAc, including prefrontal cortex, LA,
anterior thalamic nuclei, and LS. Prior litera-
ture implicated several of these regions in both
natural and drug reward processing, from ho-
meostatic intake to roles in coordinating con-
ditioned food- or drug-seeking behavior (52–56).
By activating several of these pathways, we
identified a particularly important role for ORB
inputs to NAc in coordinating consumption of
natural rewards. Althoughwe focus on ORB, it
is likely that other NAc inputs have important
roles in other behavioral domains (57–60). ORB
is crucial for decision making and updating
reward value based on internal states (61, 62).
Thus, our findings suggest that value informa-
tion communicated toNAc throughORBhas a
broad influence on consummatory behaviors
that fulfill homeostatic need. These results sup-
port and extend numerous previous reports that
ORB is crucial for evaluation and preference of
drug versus nondrug rewards, potentially by
computing reward identity (63–65). Because
drugs of abuse can cause persistent changes
to ORB function (66), it is plausible that this
ORB-NAc circuit is crucial for drugs of abuse
to modulate valuation and decision making
in goal-directed behaviors (66, 67).
Together, these results point to the NAc as

a gateway for integrating and amplifying the
value of drug rewards and suggest that this
action serves as a prime regulator of behavior
to ultimately promote drug-seeking and drug-
taking. However, it is important to note that
our studies utilize nonvolitional drug exposure
to link neural ensembles and molecular sub-
strates to volitional food and water intake.
Studies employing instrumental tasks that di-
rectly compare motivation for drugs of abuse
withnatural reward in rodents suggest thatdrugs
may have stronger motivational properties than
natural rewards (68–70) butmay not be strongly
preferred over natural reward when given the
choice (69, 71–76). Unravelling these relation-
ships at the neurophysiological and molecu-
lar levels will be crucial for insights into the
mechanisms governing shifts in goal-directed
behavior during the development of addiction
(77, 78). Employing drug self-administration

within the framework outlined in our study
will be important to determine whether vo-
litional drug intake induces similar changes
at circuit, ensemble, and molecular levels (79).
Further, determining the role of neural mech-
anisms outlined here in mediating interactions
between drugs of abuse and other nonhomeo-
static goals, particularly socially motivated sti-
muli and hedonic rewards (4, 80, 81), will be
necessary to understand the full sequelae of
addiction.

Materials and Methods
Mouse strains

Male adult mice (8 to 24 weeks old) were used
for experiments. We obtained Drd1-Cre mice
(Drd1-Cre120Mxu/Mmjax, stock no. 37156),
wild-type mice (C57BL/6J, stock no. 000664),
and LSL-Cas9mice (stock no. 026175) from the
Jackson Laboratory. Drd2-Cre mice were ob-
tained from E. Azevedo at The Rockefeller
University as previously described (82). All
mice were maintained in temperature- and
humidity-controlled facilities on a 12-hours
light-dark cycle (light on at 7:00 a.m.) and
had ad libitum access to food and water ex-
cept when noted otherwise. All feeding experi-
ments used standard rodent chow pellets. For
fasting or dehydration experiments,micewere
overnight fasted or dehydrated (16 to 24 hours
of food or water deprivation). All experimental
protocols were approved by the IACUC at the
Rockefeller University and at Mount Sinai,
according to the NIH Guide for the Care and
Use of Laboratory Animals.

Viral vectors

The following AAV viruses were purchased
from the vector core at the University of North
Carolina: AAV5-EF1a-DIO-ChR2-YFP, AAV5-
EF1a-DIO-YFP, AAV5-EF1a-DIO-mCherry. The
following AAV viruses were purchased from
Addgene: AAV5-hsyn-hM4Di-mCherry or AAV5-
hsyn-DIO-hM4D(Gi)-mCherry,AAV5-hsyn-mCherry,
rAAV2-retro-CAG-GFP, AAV5-hsyn-Cre, AAV5-
hsyn-eGFP-Cre, AAV1-hSyn-FLEX-GCaMP6s,
AAVrg-hSyn-hM3D(Gq)-mCherry. The plasmid
expressing guide RNAs targeting Rheb: pAAV-
U6-sgRNA1[Rheb]-U6-sgRNA2[Rheb]-
hsyn-mCherry, and non-targeted control:
pAAV-U6-sgRNA1[Scrambled]-U6-sgRNA2
[Scrambled]-hSyn-mCherry were designed and
engineered at VectorBuilder. The plasmids
were packaged into AAV5 at Janelia Viral Tools.
sgRNA1[Rheb] sequence:ACCAAGTTGATCACG-
GTAAA, sgRNA2[Rheb] sequence: GTTCTCTAT-
GGTTGGATCGT. sgRNA1[Scrambled] sequence:
GTGTAGTTCGACCATTCGTG, sgRNA2[Scram-
bled] sequence: GTTCAGGATCACGTTACCGC.

Stereotaxic surgery

Mice were induced with 3% inhaled isoflurane
anesthetic in oxygen, placed in a stereotaxic ap-
paratus (Kopf Instruments) and maintained at
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1.5% isoflurane during surgery. The coordinates
of injection sitesweredeterminedby thewebsite
tool: https://labs.gaidi.ca/mouse-brain-atlas. All
AAV viruses were diluted in 1X PBS to a titer
range of 3 to 8 × 1012 GC/ml before use. Viruses
were then bilaterally injected in the nucleus ac-
cumbens core (300 to500nlper side, 100nl/min)
using the following coordinates relative to the
bregma: AP: +1.32; ML: ±1.1; DV: −4.25 to 4.5.
For optogenetic experiments, optic fibers with
200-mm diameter core (Thorlabs CFML12U-
20) were placed 0.3 to 0.5 mm above the virus
injection site. For in vivo two-photon imaging
surgeries, in order to obtain sufficient expres-
sion of GCaMP6s, 600 nl of virus were deliv-
ered (300 nl per coordinate) at AP: +1.22; ML:
+1.2; DV: −4.25 and AP: +1.42; ML: +1.2; DV:
−4.25 or at AP: +1.32; ML: +1; DV: −4.25 and
AP: +1.32;ML: +1.3; DV: −4.25. A gradient-index
(GRIN) lens with 1 mm diameter and 4.38 mm
length (GRINTECH NEM-100-25-10-860-S) was
implanted at the following coordinates: AP:
+1.32; ML: +1.2; DV: −4.00, 0.2 mm above the
injection site. Mice were used for behavioral
experiments 2 to 3 weeks after surgeries. For
in vivo two-photon imaging experiments,mice
were used no earlier than 4 weeks after sur-
gery to allow sufficient and stable GCaMP6s
expression. For retrograde activating DREADD
experiments, 500 nl of AAV5-hSyn-Cre or AAV5-
hSyn-eGFP-Cre virus were delivered bilaterally
at each NAc-projecting area with following co-
ordinates: LS (AP: 1.0,ML: ±0.4, DV:−3.5), ACA
(AP: 1.0, ML: ±0.3, DV: −1.5), CLA/ECT (AP: 1.0,
ML: ±2.8, DV: -3.68), mPFC (AP: 2.0, ML: ±0.4,
DV:−2.5),ORB(AP:2.6,ML:±1.65,DV:−2.8), vSUB
(AP: −4.1, ML: ±3.3, DV: −3.8), ATN (AP: −0.75,
ML: ±0.9, DV: −3.15).

Histology

Mice were transcardially perfused with PBS
followed by 10% formalin or 4% PFA. Brains
were dissected and post-fixed in 10% formalin
or 4% PFA at 4°C overnight. Brains were sec-
tioned into 50-mm or 100-mm coronal slices
using a vibratome (Leica). For immunohisto-
chemistry, brain sections were blocked (0.1%
Triton X-100 in PBS, 3% bovine serum albu-
min, 2% donkey serum) and then incubated
with primary antibody (rabbit anti-c-Fos, Cell
Signaling, 1:500 for 100-mm sections; rabbit
anti-Phospho-S6, Invitrogen, 1:1000 for 50-mm
sections; chicken anti-GFP, Aves labs, 1:1000 for
50-mm sections; rat anti-mCherry, Invitrogen,
1:1000 for 50-mm sections) for 2 days at 4°C.
Sections were then washed and incubated with
secondary antibody (donkey anti-rabbit IgG
Alexa 568, Invitrogen, 1:500 for 100-mm sections;
donkey anti-rabbit IgG Alexa 647, Invitrogen,
1:1000 for 50-mm sections; donkey anti-chicken
IgG Alexa 488, Jackson ImmunoResearch, 1:1000
for 50-mm sections; donkey anti-rat IgG Alexa
594, Invitrogen, 1:1000 for 50-mm sections) for
1 hour at room temperature, washed again,

mounted with DAPI Fluoromount-G (South-
ern Biotech) and imaged with the same exposure
time per batch using a SlideView microscope
(VS200, Olympus). Images underwent minimal
processing (such as adjusting brightness and
contrast) performed using ImageJ. To quantify
pS6 fluorescent intensity, a circular ROI of NAc
core from each section was drawn in ImageJ,
and fluorescent intensity was measured by
the “Measure” function from the ImageJ menu
“Analyze”.

Whole-brain FOS mapping and GFP labeling

SHIELD-based whole-brain clearing and label-
ing was employed for mapping FOS and GFP
inmice that had received repeated exposure to
20mg/kg cocaine or 10mg/kgmorphine versus
saline. One hour after the final injection, mice
were anesthetizedwith isoflurane and transcar-
dially perfusedwith PBS containing 10U/ml hep-
arin, followed by 4% PFA. The dissected brains
were fixed in 4%PFA for 24 hours at 4°C. Brains
were then transferred to PBS containing 0.1%
sodium azide until brain clearing and labeling.
Brains were processed by LifeCanvas Technol-
ogies following the SHIELD protocol as pre-
viously published (22, 83). Samples were cleared
for 7 days with Clear+ delipidation buffer, fol-
lowed by batch labeling in SmartBatch+ with
8.6mgGoat anti-GFPantibody (EncorGPCA-GFP),
17 mg anti-Mouse NeuN antibody (Encor MCA-
1B7), and6mganti-Rabbit FOS (Abcamab214672)
per brain. Fluorescently conjugated secondary
antibodieswereapplied in1:2primary/secondary
molar ratios (Jackson ImmunoResearch). La-
beled samples were incubated in EasyIndex
(LifeCanvas Technologies) for refractive index
matching (n = 1.52) and imagedwith SmartSPIM
(LifeCanvas Technologies) at 4 mm z-step and
1.8 mm xy pixel size. Image analysis was con-
ducted following the procedures as previous-
ly published (22, 83). Because of technical
limitations raised by resolution limitations
and distinct subcellular expression patterns
of FOS (nuclear) and GFP (cytosolic) signals
in three-dimensional space, the direct co-
localization between FOS+ and GFP+ cells
were not analyzed.
Atlas registration. Samples were registered to

the Allen Brain Atlas (Allen Institute: https://
portal.brain-map.org/) using an automated
process (alignment performed by LifeCanvas
Technologies, referred to as LCT). ANeuN chan-
nel for each brain was registered to an average
NeuN atlas (generated by LCT using previously
registered samples). Registrationwas performed
using successive rigid, affine, and b-splinewarping
algorithms (SimpleElastix: https://simpleelastix.
github.io/).
Cell detection. Automated cell detectionwas

performed by LCT using a custom convolutional
neural network created with the Tensorflow
python package (Google). The cell detection
was performed by two networks in sequence.

First, a fully convolutional detection network
(84) based on a U-Net architecture (85) was
used to find possible positive locations. Sec-
ond, a convolutional network using a ResNet
architecture (86) was used to classify each lo-
cation as positive or negative. Using the pre-
viously calculated Atlas Registration, each cell
location was projected onto the Allen Brain
Atlas in order to count the number of cells for
each atlas defined region.
For studies of acute exposure to and during

spontaneous withdrawal from cocaine and
morphine, brain were postfixed after perfu-
sion as stated above, and serial 100um sections
were collected between olfactory bulb and
brainstem. FOS staining was conducted follow-
ing standard immunohistochemistry proce-
dures, and analysis was conducted using the
open-source SMART pipeline as previously
published (87).

In silico FOS-Seq

FOS counts were z-scoredwithin each batch of
samples across conditions. Multiple batches of
z-scored FOS activity were pooled for down-
stream analysis. After batch correction, images
were co-registered with the Allen Brain Atlas
reference mouse brain to demarcate region
specificity of FOS signal. Next, normalization
of FOS signal was achieved by subtracting av-
erage FOS levels in the saline condition from
FOS levels in the cocaine andmorphine condi-
tions across brain regions. Region-specific gene
expression data were then obtained from the
AllenBrainAtlas in situhybridizationdatabase,
and brain areas identified to match between
FOS imaging and in situ hybridizationdatabase
were used for generating vectors for FOS and
all identified genes. Each FOS vector and gene
X ISH vector were first sigmoid transformed,
followed by computations of Pearson Correla-
tion Coefficients (PCCs) across brain regions
for each condition. Our intention using the sig-
moid transformation before conducting Pearson
correlation was to avoid the bias resulting from
outlier values that could lead to an inflation of
the coefficients. These PCCs with versus without
sigmoid transformation were highly correlated
in a linear manner. We recommend validating
the distributions of FOS and gene X ISH vec-
tors, as well as the “housekeeping” reference
genes, in a specific biological context when
applying sigmoid transformation. A histogram
depicting the distribution of total PCCs was
plotted. Next, a Gaussian distribution was fitted
to this histogram (fig. S5A) (m = 0.0, s = 0.15). A
threshold of ± 0.15, which corresponded to 1s,
was applied to identify genes that exhibited
significant correlations. Genes correlated with
PCC value > 0.15 or < −0.15 and p < 0.05 were
classified as positively correlated or negatively
correlated, and the rest were classified as not
correlated. The method was adapted from a
previously published approach (22). P-values
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are FDR-corrected at 5% threshold, referred to
as adjusted P-values.

snRNAseq sample preparation

Animals were stereotaxically injected with AAV-
Rheb-sgRNAs or AAV-scrambled-sgRNAs bilat-
erally in NAc core. Notably, CRISPR-mediated
DNA double-strand breaks could potentially
induce general cellular effects. Thus, for future
studies, it is recommended to use alternative
control sgRNAs targeting a “neutral gene”,
such as Rosa26. To avoid confounds from Rheb
and Control sgRNAs (scrambled, non-targeting),
eachmouse was only transduced with one type
of sgRNAs that was either Rheb-targeted or
non-targeted without pooling AAVs Three
D1-Cas9 mice and three D2-Cas9 mice were
transduced with Rheb-sgRNAs, and similarly
three D1-Cas9 and three D2-Cas9 mice were
transduced with Scrambled-sgRNAs. Three
weeks after viral injections, mice were anes-
thetized under 5% isoflurane. NAc core was
microdissected under a stereomicroscope in
pre-chilled dissection buffer and immediately
transferred to dry ice prior to downstream nu-
clei extraction. After dissection, frozen tissues
on dry ice or stored in a −80°C freezer were
immediately transferred to Teflon homoge-
nizers containing 1 ml pre-chilled NP40 lysis
buffer (Fisher Cat# FNN0021) and homogenized
15 to 30 times using a pellet pestle on ice. Ho-
mogenized samples were incubated for another
10 to 15min on ice, followedby passing through
a 70 mm Flowmi Cell Strainer and a 40 mm
Flowmi Cell Strainer (Millipore Sigma). The
collected flowthrough was centrifuged at 500
to 1000 rcf for 5 min at 4°C and pellets were
resuspended in staining buffer. 30% iodixanol
buffer was then carefully loaded at the bottom
of resuspended nuclei at 4°C. Samples were
centrifuged at 10000 rcf for 20 min at 4°C.
Supernatant containing debris was carefully
removed. Pellets were resuspended in stain-
ing buffer containing anti-NeuN Alexa 647
antibody (abcam, Cat# ab190565) in order to
enrich neurons. After antibody incubation and
rotating for 30min at 4°C, sampleswerewashed
with staining buffer without antibodies for 3
times. Samples were resuspended in FACS buffer
after last-round wash and sent for FACS sorting.
Hoechst 33342 (ThermoFisher Scientific, Cat#
H3570) were added at a final concentration of
0.2mM to label nuclei. Sorted nuclei were sent
for downstream 10X genomics 5′ RNA-seq with
CRISPR library preparation and sequenced
using NovaSeq sequencer with ~30000 reads/
nuclei on average. Dissection buffer contains
1XHBSS, 2.5mMHEPES-KOH [pH7.4], 35mM
glucose, 4 mM NaHCO3, and actinomycin D
(Sigma-Aldrich, Cat# A1410) at a final concen-
tration of 20 mg/ml. NP40 lysis buffer contains
10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM
MgCl2, 0.1% NP40 dissolved in nuclease-free
water. For 1 ml NP40 lysis buffer, 1 ml DTT, 25 ml

20 U/ml SupeRasine (Thermo Cat# AM2696),
12.5 ml 40 U/ ml RNasin (Promega Cat# N2615),
10 ml protease and phosphatase inhibitor cock-
tail (100X; Thermo Cat# 78442), 40 ml 1 mg/ml
actinomycinDwere added right before use. 30%
iodixanol buffer contains 0.25Msucrose, 25mM
KCl, 5 mMMgCl2, 20 mM Tricine-HCl [pH 8.0]
and 30% Iodixanol dissolved in nuclease-free
water. DTT, Superasine, Rnasin and protease
inhibitorswere addedat the sameconcentration
as NP40 lysis buffer right before use. Staining
buffer contains 2% BSA, 0.05% NP40 dissolved
in nuclease-free 1X PBS. Superasine, Rnasin and
protease inhibitors were added at the same
concentration asNP40 lysis buffer right before
use. FACS buffer contains 2% BSA dissolved in
nuclease-free 1X PBS buffer. Superasine, Rnasin
and protease inhibitors were added at the same
concentration as NP40 lysis buffer immediately
prior to use.

snRNAseq analysis

Fastq files were aligned to mouse genome
(mm10) and CRISPR sgRNA sequences, and
expression levels in each cell were estimated
with Cellranger (v 6.0.0). The gene expression
count matrix for each sample was processed
with the following steps: (1) Estimate doublet
with Scrublet (https://github.com/swolock/
scrublet) (88); (2) Estimate and correct the
ambient RNA contaminations with SoupX
(https://github.com/constantAmateur/SoupX)
(89); (3) Load the corrected counting matrix
into Seurat object with log normalization; (4)
Calculate the proportion of UMIs from mito-
chondrial genes; and (5) The cells assigned as
doublets or mitochondrial content >1% were
removed. The Seurat objectswere integrated by
following the RPCAworkflow (https://satijalab.
org/seurat/articles/integration_rpca.html) (90).
The number of PCs used for UMAP calculation
was selected with elbow plot (91). Then, the
clustering was calculated with Leiden algo-
rithm (92). Mixscape analysis was applied fol-
lowing the workflow (https://satijalab.org/
seurat/articles/mixscape_vignette) (26). After
Mixscape classification of perturbed versus
escaped cells, only perturbed cells and control
cells were used for calculating differentially
expressed genes. The differential gene expres-
sion of each comparison was performed with
Seurat::FindMarkers() with logfc.threshold
greater than 0.13, and raw p values from the
returned set of genes were corrected using p.
adjust() with the ‘BH’method. Significant dif-
ferential expression genes were defined as
log2 (Fold Change) greater than 0.26 or less
than −0.26, and corrected p values less than
0.05. GO analyses were conducted using the
gseapy.enrichr() function in Python. Databases
included GO_Biological_Process_2023, GO_
Cellular_Component_2023, GO_Molecular_
Function_2023. Enriched pathways with ad-
justed p values less than 0.05 were plotted.

Chemogenetic modulations
5 mg/kg CNO was i.p. injected 20 min prior to
injections of other solutions. For experiments
aimed at activating retrograde NAc-projecting
neurons, 2 mg/kg CNO was i.p. injected 30 min
prior to providing access to food or water. Food
consumption was measured in mice that had
prior ad libitum access to food, 1 hour after
the onset of the dark cycle, resembling a state
of physiological hunger. Water consumption
was measured 5 min after providing overnight
water-deprived mice with free access to water.
We reported the data as percent change, be-
cause animals from each of these 9 groups
were tested in cohorts (i.e., at varying times)
as a result of logistical limitations. The per-
cent change was calculated by normalizing
the food intake or water intake of experi-
mental groups to that of the control group
within the same cohort test.

Optogenetic modulations

For photostimulating ChR2, a 473-nm laser
(OEM Lasers/OptoEngine) was used to gener-
ate laser pulses (5 to 7 mW at the output tip of
the fiber, 5 ms, 20 Hz) throughout the behav-
ioral session, except when noted otherwise, con-
trolled by a waveform generator (Keysight).

Feeding and drinking behaviors

For optogenetic stimulation, mice were accli-
mated to a new clean cage for 5 min before
experiments started. Mice were then provided
free access to either food or water. For ChR2
stimulation in fasted or water-dehydratedmice,
food orwater intakewasmeasured after 20min
of photostimulation, followed by 20 min with
laser off.

Open-field assay

Mice were introduced into a 28 × 28 cm open-
field arena. Locomotor activity and fraction of
movement over the 20-min session were auto-
matically tracked and quantified by Ethovision
9 (Noldus).

Real-time place preference assay

Real-time place preference was conducted in
a two-chamber acrylic box (50 × 25 × 25 cm).
The preference between the two chambers was
determined by the time spent on either side
over a 20-min session. The amount of time spent
in each chamberwas automatically tracked and
calculated using the Ethovision 9 software
(Noldus). Photostimulation of ChR2 (5 to 7 mW
per fiber tip; 20 Hz; 10 ms pulses; 5 s on, 5 s
off) was delivered by a mini-IO box (Noldus)
when mice entered the designated light-paired
side. Mice performed three test sessions with
photostimulation.

In vivo two-photon imaging

Two-photon (2P) calcium imaging was per-
formed on a Scientifica SliceScope galvo-scanning
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2P microscope with a Nikon 16×/0.8 water-
dipping objective and a Coherent Chameleon
Ultra II Ti:Sapphire laser source. The objective
was focused onto the rear image plane of the
implanted GRIN lens, so that the excitation
laser beam was relayed into the sample by the
GRIN lens, and conversely fluorescence was
relayed out of the sample and recorded using
photon-multiplier tubes in the SliceScope’s non-
descanned detection head. Microscope hard-
ware and data acquisition was controlled using
the ScanImage software (versions 5.5 and 5.6,
Vidrio Technologies), which is based onMatlab
(The Mathworks). The field-of-view of the mi-
croscope was sufficient to record the diameter
of the GRIN lens image, 500 mm, at a frame rate
of 4.82Hz. Liquid food (Ensure) andwater were
provided via a spout connected to a touch de-
tector (lickometer) during the imaging. Mice
were adapted to liquid food as the only nu-
trition source for at least 3 days before the
refeeding experiments. On experiment day,
fasted or dehydratedmicewent through a three-
minute baseline recording, followed by 3 mL
water or liquid food dispensed by the licko-
meter spout at the beginning of the consump-
tion trial. After the trial started, the lickometer
spout dispensed 3 mL water or liquid food
upon each lick from mice.

Behavioral assays with drug administration

For behavioral experiments, a dosage of 20mg/kg
cocaine, or 10 mg/kg morphine, dissolved in
saline was administered via daily single-dose
i.p. injections. These doses were chosen based
on roughly equivalent rewarding properties in
conditioned place preference studies (8). Mice
were single-housed at a minimum of 3 days
before the initiation of drug administration
and maintained single-housed throughout
the tests. Daily food and water consumption
were quantified by weighing the food pellets
or water bottles using a high precision scale
(Bonvoisin Lab Scale) on each day and sub-
tracting these measurements from the previ-
ous day’s (24 hours in between) measurements.
For refeeding and rehydration assays, single-

housed mice were overnight fasted or water
deprived for a period of 16 to 18 hours. On the
second day before the tests, mice remained in
their home cages while new food pellets or
water bottles were provided 20 min after i.p.
injections of cocaine or morphine. Food or
water consumption was assessed by weighing
the food pellets or water bottles before and
after consumption over a cumulative period of
30 min, 2 hours, and 4 hours. Behavioral tests
during the spontaneous withdrawal were con-
ducted within 2 days after 24 hours post last
drug exposure.
During the 2-day spontaneous withdrawal

period, refeeding and rehydration assays were
each conducted once on each day and random-
ized for different cohorts of mice. During the

spontaneous withdrawal, each group of mice
received daily i.p. injections of saline.
The sucrose preference test was conducted

once during the spontaneous withdrawal period.
These three groups of naïve animals underwent
habituation with the sucrose preference test
before drug exposure, followed by another
sucrose preference test after 5-day repeated
drug exposure or saline treatment. These mice
were water deprived overnight before the test.
During the test, mice received two bottles, one
containing 2% sucrose solution, the other con-
taining water. The sucrose preference test com-
prised two rounds, each round allowed each
animal 5 min of free access to both solutions.
To mitigate bias toward a particular side, the
water and sucrose bottles were swapped be-
tween sides during the second round.
For in vivo two-photon calcium imaging ex-

periments, a dosage of 10 mg/kg cocaine or
5 mg/kg morphine dissolved in saline was
administered by single-dose i.p. injections. No-
tably, doses in the calcium imaging experi-
ments were lowered to minimize excessive
treadmill running which producesmovement-
related artefacts, whilemaintaining high enough
doses that are known to still be rewarding (8,93).
On experiment day, mice were head-fixed and
placed on the treadmill for 5 min habituation.
Mice went through a one-minute baseline re-
cording, followed by one i.p. injection of saline,
cocaine or morphine. The neural responses of
eachmousewere then recorded for 1 min every
10 min within one hour. All cohorts of mice
received one daily i.p. injection of cocaine or
morphine continuing for 5 days. Mice were
able to freely walk on the treadmill, and ve-
locity was recorded at the same time.Mice had
ad libitum access to food andwater before and
after the imaging, but were restricted through-
out experimental procedures.

Data analysis

FOS-mapping data were analyzed by z-score
transformation of FOS counts from each batch
of the data. To generate the clustered heatmap,
we then conducted one-way ANOVA on the
z-scored FOS levels for each brain region across
the three groups and identified brain regions
with statistically significant (p < 0.05) changes
for downstream K-means clustering analysis.
Notably, we did not normalize the FOS counts
into the density, because each brain region vol-
ume was the same for each sample as the FOS
counts were projected onto the Allen brain
atlas, and our statistical tests were conducted
within each brain region, not across different
brain regions. To compare the similarity of
FOS levels across phases of drug exposure, we
calculated the Euclidean distance between two
vectors for each brain region, which consists
of z-scored FOS expression values correspond-
ing to either cocaine conditions (acute, with-
drawal, chronic) or morphine conditions (acute,

withdrawal, chronic). Both of these vectors were
normalized against z-scored FOS expression
values from the saline condition (acute, with-
drawal, chronic) by subtraction.
Behavior data were analyzed using the

Ethovision X9 software (Noldus). For two-
photon imaging experiments, behavioral and
imaging data were analyzed using the Suite2p
pipeline (94) and custom Python scripts. Mul-
tiple trials within the same session were first
concatenated, then processed by the Suite2p
pipeline with non-rigid motion correction,
to extract all neurons recorded across trials.
According to the Suite2p pipeline, this con-
catenation does not normalize or alter the raw
fluorescence of individual trials. Each session
data from different days were processed inde-
pendently. Neurons extracted by the pipeline
were subsequently curated manually in the
Suite2p graphical user interface.When aiming
to compare responses of the same neurons
across multiple sessions or days, spatial foot-
prints of neurons from each session extracted
by Suite2p were mapped using CellReg (95).
Consistent with prior reports (96), 20 to 50%
of the same neurons were able to be tracked
across multiple daily sessions.
To preprocess the data from food and water

gel sensory responses, total fluorescence of
each individual neuron was normalized using
the formula z = (Fraw – m)/s, where Fraw is the
raw fluorescence as extracted by the Suite2p
pipeline, m is the mean of Fraw during the
baseline period (30 s prior to food and water
gel presentation), and s is the standard devia-
tion of Fraw during the baseline period.
The data from liquid food and water con-

sumption experiments were preprocessed as
follows in order to reduce variabilities for
multiple-day comparisons: The raw fluores-
cence was z-scored according to the formula
z = (F– m)/s, where F is calculated from the
raw fluorescence by applying a second order
Butterworth filter with normalized cut-on
frequency 0.266; m is the mean baseline flu-
orescence (taken over the traces with activity
below the median during the baseline pe-
riod), s is the standard deviation of fluores-
cence during the baseline period (taken over
the traces with activity below the median
during the baseline period). For this analy-
sis, neurons with averaged responses larger
than 3s from 10 s after consumption start
were considered to be activated.
Clustered neural traces during consumption

were identified by k-means clustering. The
neuronal states based on the k-means clus-
tering label were projected to two-dimensional
spaceusing thenonnegativematrix factorization
(NMF) for visualization.
To preprocess the data from the drugs of

abuse experiments, the raw fluorescence traces
were filtered as described above. Within each
session, each1-min imaging tracewasnormalized
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as Fcorr = (F– m)/ m, where F is the raw flu-
orescence and m is the average of the lowest
quintile of the raw fluorescence. All corrected
traces were concatenated and used for down-
stream analyses. Peaks of neuronal responses
were identified using the SciPy package (find_
peak() function)with the peak height threshold
set to 3s) and minimum distance between
peaks set to ~1.3 s (based on the GCaMP6s
decay time). Strength of neuronal preference
was defined as: (Peakcocaine – Peakfood/water)/
(Peakcocaine + Peakfood/water). To quantify
cocaine-activated neurons (peak greater than
3s), the timespan from 20 to 40 min post i.p.
injectionwas used, while 30 to 50min post i.p.
injection was used to quantify morphine-
activated neurons. The timespan was chosen
based on observed behavioral effects (fig. S1),
neuronal dynamics (fig. S4), and established
pharmacokinetics from literature for cocaine/
morphine post i.p. injections (97, 98).
To differentiate the motor-associated from

the non-motor-associated neural correlates,
we first converted the animals’ walking velocity
into binary movement vectors (moving versus
not moving) as recorded from the treadmill
and then computed the cross-correlation (eval-
uated for a range of 1-10 frames lag, corre-
sponding to ~2 s) between neuronal traces and
binarymovement vectors (as computedby thresh-
olding the raw velocity measurement vector).
The lag with the highest cross-correlation was
chosen for downstream analyses. We next com-
puted the Pearson correlation coefficients (PCC)
between the lag-corrected neuronal traces and
the binary movement vector. We selected highly
motion-correlated neuronal traces as those with
the modulus of their PCC with the movement
vector above a threshold in the range 0.2 to 0.4.
We adjusted the threshold based on the prin-
ciple that theaveraged framesofneural activities
(above median) during movement periods are
no less than those during the non-movement
period, Wilcoxon test was conducted to com-
pare the significant difference level between
the movement versus non-movement frames.
The neurons showing PCCs larger than the
threshold were considered to be motor-associated
neurons, the rest were nonmotor-associated
neurons. Each neuronal pair with activity cor-
relation coefficient greater than 0.3 was con-
sidered to be “synchronized”. A connectivity
index was then calculated as the total number
of pairs of synchronized neurons divided by
the pairs of synchronized neurons during the
baseline period (before i.p. injection).
Tensor component analysis (TCA) was con-

ducted as described previously (21). The tensor
matrix comprised of trial, neuron and time
series of neuronal activity was loaded into the
TCA algorithm. The factor matrices were con-
strained to be nonnegative. Each neural state
was averaged frommultiple sessions recorded
from each cohort of mice. Neurons positively

contributing to state 1 relative to state 2 were
determined by positive values after the sub-
traction: state 1 loadings – state 2 loadings.

Statistics and reproducibility

Statistical analyses were conducted using
Graphpad Prism 10.1. Throughout the paper,
values are reported as mean ± SEM. (error
bar or shaded area). P-values for pair-wise
comparisons were obtained using the two-
tailed Wilcoxon signed-rank test or two-tailed
paired Student’s t test. P-values for compar-
isons across independent groups or multiple
groups were conducted using two-tailed inde-
pendent Student’s t test, or ANOVA (with re-
peated measures when possible) and corrected
for multiple comparisons. The statistical mod-
els used for imaging data analysis as described
above were carried out using the scikit-learn
Python package (99). No statistical methods
were used to predetermine sample size. The
experiments were not randomized. The inves-
tigators were not blinded to allocation during
experiments and outcome assessment. Repre-
sentative images were selected from 3 to 5
original biological replicates.
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