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SUMMARY

Drugs of abuse induce persistent remodeling of reward circuit function, a process thought to underlie the
emergence of drug craving and relapse to drug use. However, how circuit-specific, drug-induced molecular
and cellular plasticity can have distributed effects on the mesolimbic dopamine reward system to facilitate
relapse to drug use is not fully elucidated. Here, we demonstrate that dopamine receptor D3 (DRD3)-depen-
dent plasticity in the ventral pallidum (VP) drives potentiation of dopamine release in the nucleus accumbens
during relapse to cocaine seeking after abstinence. We show that two distinct VP DRD3* neuronal popula-
tions projecting to either the lateral habenula (LHb) or the ventral tegmental area (VTA) display different pat-
terns of activity during drug seeking following abstinence from cocaine self-administration and that selective
suppression of elevated activity or DRD3 signaling in the LHb-projecting population reduces drug seeking.
Together, our results uncover how circuit-specific DRD3-mediated plasticity contributes to the process of

drug relapse.

INTRODUCTION

Drug addiction is a chronic, often lifelong disorder characterized
by high rates of relapse to drug use despite successful absti-
nence periods (Dong et al., 2017). Through repeated potentiation
of the mesolimbic dopamine (DA) system, addictive drugs pro-
duce potent and long-lasting changes in gene expression, syn-
apse function, and overall dynamics of neural circuits that con-
trol motivated behaviors (Luscher and Malenka, 2011; Nestler
and Luscher, 2019; Volkow and Boyle, 2018). How this remodel-
ing process is coordinated across different subcircuits of the
brain’s reward system to mediate relapse to drug use is not
well understood.

As an anatomical hub of the ventral basal ganglia circuitry, the
ventral pallidum (VP) encodes reward-related information (Ah-
rens et al., 2016; Fujimoto et al., 2019; Ottenheimer et al.,
2020; Richard et al., 2016; Root et al., 2015; Smith et al., 2009;
Tachibana and Hikosaka, 2012) and participates in the develop-
ment of addictive behaviors in response to cocaine and other
drugs of abuse (Creed et al., 2016; Farrell et al., 2019; Heins-

broek et al., 2020; Mahler et al., 2014; Pardo-Garcia et al.,
2019; Root et al., 2015). VP neurons display altered firing pat-
terns in response to self-administered cocaine (Root et al.,
2012) and exhibit synaptic adaptations following repeated
cocaine exposure (Creed et al., 2016; Heinsbroek et al., 2017;
Kupchik et al., 2014). Reducing the activity of VP neurons during
relapse sessions reduces drug seeking in animals previously
trained to self-administer cocaine or other drugs of abuse (Farrell
et al., 2019; Mahler et al., 2014; McFarland and Kalivas, 2001;
Prasad and McNally, 2016; Prasad et al., 2020; Root et al.,
2015), underlining a critical role for the VP in mediating drug
relapse behaviors. However, how molecular factors mediate
drug-induced plasticity in the VP to differentially influence down-
stream structures participating in relapse to drug use is not
known. In addition, while extracellular DA levels are known to
rise in the VP during cocaine self-administration (Sizemore
et al., 2000), the role of VP DA signaling in mediating the devel-
opment of drug relapse behavior remains unexplored.

DA receptor signaling is critical to driving synaptic plasticity and
drug-seeking behavior that occurs following exposure to drugs of
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abuse (Baik, 2013; Bossert et al., 2013; Crombag et al., 2002;
LUscher and Malenka, 2011). In particular, DA receptor D3
(DRD3) antagonism has shown promise as a feasible therapeutic
strategy for addiction treatment (Chen et al., 2014; Galaj et al,,
2018; Song et al., 2014; You et al., 2019). Compared to D1
(DRD1) and D2 (DRD2) DA receptors, DRD3 has a higher affinity
for DA (Richtand, 2006; Robinson et al., 1994; Sokoloff et al.,
1990), suggesting that it may serve as a readout of tonic DA levels
and/or play a prominent role in regions that receive sparse dopa-
minergic (DAergic) innervation. DRDS is preferentially expressed
in areas of the brain involved in motivation, reward, and emotion,
including the VP, ventral striatum, and lateral septum (Gurevich
and Joyce, 1999; Shin et al., 2018; Sokoloff and Le Foll, 2017;
Stanwood et al., 2000). DRD3 expression is elevated in several
brain areas in response to psychostimulant drugs such as cocaine
and amphetamine, both in animal models of addiction (Bahi et al.,
2005; Le Foll et al., 2005; Neisewander et al., 2004) and in human
addicts (Boileau et al., 2012; Payer et al., 2014; Staley and Mash,
1996). However, the specific contribution of DRD3 signaling to
drug-mediated plasticity within neural circuits that drive motivated
behaviors remains unknown. Elucidating a circuit-specific role for
DRD3 may help unlock the therapeutic potential of DRD3 antago-
nism as applied to drug abuse.

Here, we undertook a multifaceted approach to understand
how DRD3 signaling, neuronal projection-specific activity, and
DA release are coordinated by the VP to drive relapse to cocaine
seeking. Using a drug relapse assay consisting of cocaine self-
administration followed by a 2-week period of forced abstinence
and a drug-seeking test, we found that DRD3 signaling in the
mouse VP drives relapse to cocaine seeking via context-depen-
dent augmented activity of VP DRD3* neurons. Knockdown
(KD) of DRD3 expression in the VP reduces activity of the lateral
ventral tegmental area (latVTA) and DA release in the lateral shell
of the nucleus accumbens (NAc latSh) during relapse to cocaine
seeking, suggesting that the change in activity of VP DRD3" neu-
rons controls drug relapse by influencing the DAergic output of the
VTA. Detailed circuit analyses of VP DRD3* neuronal projections
to the lateral habenula (LHb) and the VTA revealed that while
both projections are capable of elevating NAc latSh DA release
when optogenetically stimulated, only LHb-projecting VP DRD3*
neurons display tonically elevated activity during relapse to
cocaine seeking. Moreover, inhibiting the VP DRD3* projection
to the LHb, either optogenetically or chemogenetically, or
reducing DRDS signaling in the VP to LHb projection, suppressed
cocaine-seeking behavior following prolonged abstinence,
whereas analogous manipulations of the VP DRD3" projection
to the VTA did not suppress cocaine seeking. Our results provide
a circuit-level understanding of VP DRD3 signaling in driving
relapse to drug use and, more specifically, how activity of a
molecularly defined output of the VP to the LHb can serve as an
effective target in the treatment of drug relapse.

RESULTS
Abstinence from cocaine exposure upregulates DRD3
expression in the VP

The VP expresses DRD1, DRD2, and DRD3 (Beckstead et al.,
1988; Contreras et al., 1987; Mansour et al., 1990; Richfield
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etal., 1989; Tziortzi et al., 2011) and receives DAergic innervation
from the VTA (Del-Fava et al., 2007; Klitenick et al., 1992; Taylor
etal., 2014). To assess the impact of cocaine exposure on DA re-
ceptor signaling in the VP, we measured DRD1, DRD2, and
DRD3 mRNA levels using gPCR following passive or self-admin-
istered cocaine exposure. Mice injected with cocaine for 5 days
(15 mg/kg/day, intraperitoneally [I.P.]) showed a significant
elevation of DRD3 mRNA in the VP, but only after a drug-free
period of 10 days (Figures 1A and S1A). Similarly, mice that
self-administered cocaine for 10 days showed a significant
elevation of DRD3 mRNA in the VP after 2 weeks of home-
cage abstinence (Figure 1B) and a slight trend toward increased
expression following 1 day of abstinence (Figure S1B). Thus, we
hypothesized that VP DRD3 may participate in the remodeling of
gene expression and circuit function that occurs during pro-
longed withdrawal from cocaine exposure (Dong et al., 2017;
Luscher and Malenka, 2011; Massart et al., 2015; Walker et al.,
2018) and that VP DRD3 signaling may be functionally involved
in driving relapse to cocaine seeking after prolonged abstinence.

VP DRDS3 signaling mediates relapse to cocaine seeking
To understand the role of VP DRD3 signaling in the development
of cocaine-seeking behavior, we used adeno-associated virus
(AAV)-mediated delivery of small hairpin RNA (shRNA) to
robustly knock down DRD3 expression in the VP, without
affecting DRD1 or DRD2 expression (Figure 1C). We applied
this manipulation, along with a rescue construct co-expressing
DRD3 shRNA and a KD-resistant DRD3 mutant (DRD3 Rescue)
(Shinetal., 2018), to mice that went on to self-administer cocaine
for 11 days, followed by 2 weeks of home-cage abstinence and a
seeking test performed under extinction conditions on day 25
(Figures 1D-1F). DRD3 KD in the VP did not alter nose-poke
rates under fixed ratio 1 (FR1), FR3, or progressive ratio (PR)
schedules in either male or female mice (Figures 1G, S1F, and
S1H). In contrast, following 2 weeks of abstinence, the number
of drug-seeking nose pokes performed on the side previously
paired with cocaine delivery (i.e., active nose pokes) was mark-
edly reduced in both male and female mice expressing DRD3
shRNA in the VP (Figures 1H, S1G, and S1l). Conversely, rescue
of DRD3 expression fully restored drug-seeking behavior without
affecting consummatory behavior (Figures 1G, 1H, and S1F-
S1l). Analogous results were obtained using cocaine-induced
conditioned place preference (CPP), with mice expressing
DRD3 shRNA in the VP showing significantly reduced place pref-
erence after a 10 day drug-free period (Figures S1C-S1E). How-
ever, VP DRD3 KD mice did not display significantly altered
weight, locomotor activity, or open field anxiety (Figures S1J
and S1K). Moreover, VP DRD3 KD mice did not show differences
in the consummatory or seeking phases of a sugar pellet self-
administration paradigm that mimicked our cocaine self-admin-
istration paradigm (Figures S1L-S1N), indicating that the ability
to recall an operant task and the motivation to seek a palatable
reward remained intact. Taken together, these results support
the notion that DRD3 signaling in the VP is a critical and specific
mediator of relapse to cocaine seeking following prolonged
abstinence.

The VP contains a heterogeneous mix of cell types defined by
neurotransmitter identity and other molecular markers (Root



Please cite this article in press as: Pribiag et al., Ventral pallidum DRD3 potentiates a pallido-habenular circuit driving accumbal dopamine release and
cocaine seeking, Neuron (2021), https://doi.org/10.1016/j.neuron.2021.05.002

Neuron

¢ CellP’ress

C D Viral
P, Sal aPCR Sal SA. PR ™ o AAV-EGFP (CHr) Injection __
LP. Coc ' Coc SA. BN AAV-DRD3 shRNA | Cocaine SA.
T T T 7 T/ et ———
Day:12345 15 Day: 1 10 24 1.5 Day: e a0 i /_2‘5
** — = - FR1—FR3 PR Seek
— Seeking
2.0 2.0 & r E Test
< l o) 2 AAV-EGFP (Ctrl)
2151 245 51.09 AAV-EGFP-DRD3 shRNA
8 P O AAV-DRD3 shRNA + mutDRD3 (Rescue)
(@) [ I (@) 2
21.01 2104 i
[ [y <
< < = 0.54
4
%051 % 0.51 £
€ g
0.0- 0.0- i

DRD1 DRD2 DRD3

DRD1 DRD2 DRD3

DRD1 DRD2 DRD3

F G Nose Pokes H  BEE Active Nose Pokes
Active Inactive Infusions Inactive Nose Pokes
= Ctrl -e— - —o
2 DRD3 shRNA -=— = - 100+
80+ DRD3 Rescue —&—  —&— —— r125 e ek
5 100 g 801
< 3 60 03
[hq = 2 %
@ (:) t75 T 60+
2 2401 2 3
o < r50 2 8404
o e =2
(] -
3 9 20 log @
2 o 3 20
04 = . " z " 1
8 0 T =7 : L0 | I
%: Session: 1 2 3 4 5 7 8 9 10 1M1 Ctrl DRD3 DRD3
Schedule: I FR1 | | FR3 | | PR | shRNA Rescue

Figure 1. VP DRD3 drives relapse to cocaine seeking

(A and B) Noncontingent (I.P.) (A) or self-administered (S.A.) (B) cocaine selectively elevated DRD3 expression in the VP following prolonged abstinence. For (A),
two-way repeated-measures (RM) ANOVA, Sidak’s post hoc test, **p < 0.01; n = 11, 12 mice for Sal, Coc. For (B), two-way RM ANOVA, Sidak’s post hoc test,

**p < 0.01; n = 9,12 mice for Sal, Coc. Sal, saline; Coc, cocaine.

(C) Selective and robust KD of DRD3 expression in the VP by AAV-mediated delivery of DRD3-targeting shRNA. Two-way RM ANOVA, Sidak’s post hoc test,

***p < 0.001; n = 6 mice each for control (Ctrl) and DRD3 shRNA.
(D) Experimental schedule of cocaine self-administered experiments.

(E and F) Schematic of bilateral stereotaxic injection of Ctrl, DRD3 shRNA, and DRD3 rescue AAVs into the VP (E), and corresponding representative images of

EGFP expression (F). Scale bar, 250 um for all images. L, lateral; D, dorsal.

(G) Nose pokes and cocaine infusions during FR1, FR3, and PR of cocaine self-administration. n = 17, 17, and 16 mice for Ctrl, DRD3 shRNA, DRD3 rescue.
(H) Active and inactive nose pokes during the day 25 seeking test (2 h), corresponding to mice in (G). Active nose pokes were significantly reduced by VP DRD3 KD
and restored by DRD3 rescue. Two-way RM ANOVA, Tukey’s post hoc test, ***p < 0.001; n = 16, 17, and 16 mice for Ctrl and DRD3 shRNA, and DRDS3 rescue.
Error bars indicate + SEM for all. See Table S2 for detailed statistics. See also Figure S1.

etal., 2015). Using fluorescent in situ hybridization, we found that
~42.2% + 2.3% of NeuN-expressing cells in the VP co-express
DRD3 (Figures 2A and 2B), indicating that a substantial fraction
of VP neurons are likely to signal through DRD3. To understand
the extent to which DRD3 signaling in the VP occurs in conjunc-
tion with other DA receptors, we quantified the proportion of
DRD3* VP cells co-expressing DRD1 or DRD2 and found that
40.9% =+ 3.6% of these cells express neither DRD1 nor DRD2
(Figures S2A and S2B). In contrast, in the NAc medial core/shell,
we found that all DRD3™ cells co-express DRD1 and/or DRD2,
with a large majority (78.7% + 1.5%) co-expressing DRD1 (Fig-
ures S2C and S2D). These findings suggest the presence of a

distinct DRDS3 signaling landscape in the VP as compared to
the NAc medial core/shell. In addition, we found that 68.0% =+
2.2% of VP DRD3"* cells express VGAT, 23.9% + 2.2% express
VGIuT2, and 6.2% =+ 0.8% express ChAT (Figures S2E-S2H),
suggesting a primarily inhibitory output to downstream
structures.

Context- and DRD3-dependent augmented activity of VP
DRD3* neurons drives relapse to cocaine seeking

To understand how the activity of DRD3-expressing neurons in
the VP is regulated by cocaine, relapse to cocaine seeking,
and DRDS3 signaling, we virally expressed Cre-dependent
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Figure 2. DRD3-dependent augmented activity in the VP drives relapse to cocaine seeking

(A and B) Sample image of RNA in situ hybridization (A), and corresponding quantification of DRD3* cells as a percentage of NeuN" cells in the VP (B). Filled
arrowheads show double-positive cells, and empty arrowheads show NeuN* only cells. n = 18 images. Scale bar, 20 um.

(C) Schematic of bilateral viral expression (green) of Cre-dependent GCaMP6f or GCaMP6f-DRD3 shRNA in the VP of DRD3-Cre mice, with unilateral optic fiber
implant for photometry.

(D) Sample images of Cre-dependent GCaMP6f and GCaMP6f-DRD3 shRNA expression in the VP, with optic fiber implants. Scale bars, 100 um. L, lateral; D,
dorsal.

(E) Robust KD of DRD3 expression in the VP of DRD3-Cre mice by Cre-dependent GCaMP6f-DRD3 shRNA. Two-tailed t test, ***p < 0.001, n = 7 mice each for Ctrl
and DRD3 shRNA.

(legend continued on next page)
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GCaMP6f or GCaMP6f-DRD3 shRNA in the VP of DRD3-Cre
mice and used fiber photometry to perform in vivo Ca®* imaging
(Figures 2C, 2D, S3K, and S3L). We validated DRD3-Cre mice as
faithfully recapitulating endogenous DRD3 expression in the VP
(Figures S21 and S2J) and observed a robust KD of DRD3
expression in the VP using our Cre-dependent GCaMP6f-
DRD3 shRNA construct (Figure 2E). This approach allowed us
to measure the activity of VP DRD3" neurons with knocked-
down DRDG3 expression while also recapitulating the behavioral
effect of reduced cocaine seeking following 2 weeks of absti-
nence from cocaine self-administration (Figures 2F and 2G).

We found that self-administered intravenous cocaine infusion
profoundly reduced the frequency of Ca?* transient events
observed during a 2-min period following drug delivery, suggest-
ing a decrease in the average neuronal activity of VP DRD3* neu-
rons (Figures 2H and 2I). However, when the tone-light cues
accompanying successful schedule completion were delivered
in the absence of cocaine infusion, the overall Ca®* event fre-
quency of VP DRD3* neurons was not suppressed (cues only;
Figure 2I). Furthermore, these measurements were not signifi-
cantly altered by VP DRD3 KD, suggesting that DRD3 signaling
does not overtly regulate the acute pharmacological effects of
cocaine on VP DRD3" neuronal activity.

In contrast, the frequency of Ca®* events was strongly
elevated during the seeking test performed following 2 weeks
of home-cage abstinence (day 24) as compared to baseline
(day 0) measurements taken in the operant box 1 day prior to
the first self-administration session (Figures 2J and 2K). This ef-
fect was observed only upon re-exposure to the drug-taking op-
erant context during the seeking test and not in a drug-neutral
open field context (Figure 2L) or in drug-naive mice (Figures
S3E and S3F). Crucially, DRD3 KD completely abolished the
elevated activity observed during cocaine seeking (Figure 2J
and 2K), indicating that emergence of drug-salience-encoding
activity in the VP requires DRD3 signaling.

To understand the dynamics of VP DRD3" activity associated
with drug-seeking nose pokes, we quantified the area under the
curve (AUC) of GCaMP6f signal epochs between —1 sand +3 s
surrounding nose pokes (Figures S3A-S3C). Control mice had

¢ CellP’ress

significantly higher active nose poke AUC values compared to
VP DRD3 KD mice, as well as higher AUC values associated
with active nose pokes compared to inactive nose pokes (Fig-
ure S3C). However, when plotting the difference in Ca* event
frequency between the baseline (day 0) and the seeking session
(day 24) as a function of the number of active nose pokes per-
formed during the seeking session, we observed that for the
majority of control mice, the increase in Ca%* events was largely
unaccounted for by the number of active nose pokes (Fig-
ure S3D, control points above the identity line), suggesting that
other aspects of the drug-associated context of the operant
box may be strongly evoking VP DRD3" activity. Furthermore,
we performed CPP experiments with VP DRD3* GCaMP6f
photometry, which also showed that VP DRD3* neuronal activity
was significantly elevated in cocaine-treated control mice as
compared to VP DRD3 KD mice and saline-treated mice, but
only during the preference test that followed a 10-day drug-
free period (Figures S3G-S3J). Together, these results suggest
that prolonged abstinence elevates VP DRD3* neuronal activity
encoding drug-related contextual salience in a DRD3-depen-
dent manner.

In ex vivo patch-clamp experiments following 2 weeks of absti-
nence from cocaine self-administration, VP DRD3" neurons
showed a DRD3-dependent elevation of intrinsic excitability at
high input current steps, increased excitation to inhibition ratio
(E:), and higher resting membrane potential (Figures S4A-S4l),
suggesting that VP DRD3* neurons are primed to augment their
response to drug-related inputs following prolonged abstinence.

To determine whether the activity of VP DRD3* neurons con-
tributes to cocaine-seeking behavior, we bilaterally expressed
Cre-dependent Gi-coupled DREADD (hM4D) receptors in the
VP of DRD3-Cre mice (Figures 2M and 2N), trained mice to
self-administer cocaine for 10 days (Figure 2P), and injected
clozapine N-oxide (CNO) 30 min prior to the seeking test on
day 24 (Figure 20). The mice expressing hM4D in VP DRD3"
neurons showed significantly reduced active nose poking
following CNO injection on day 24 (Figure 2Q). However,
hM4D-mediated suppression of VP DRD3* activity on day 8 of
the consummatory phase did not affect self-administration

F) Experimental schedule of cocaine self-administered experiments with GCaMP6f photometry recording sessions (green arrows) at day 0 (baseline), days 6-10

(
(FR3), and day 24 (seeking test).
(

G) Active and inactive nose pokes during the day 24 seeking test (20 min), corresponding to mice in (C)—(K). Two-way RM ANOVA, Sidak’s post hoc test, **p <

0.001; n =9, 10 mice for Ctrl and DRD3 shRNA.

(H) Sample photometry traces from Ctrl and DRD3 shRNA GCaMP6f constructs expressed in VP DRD3" neurons. Arrowhead and vertical dotted line indicate the
start of a self-administered cocaine infusion. Tick marks above traces indicate threshold-detected events.

(1) Self-administered cocaine infusion decreased activity of VP DRD3* neurons (cues + Coc), as compared to self-administered cocaine-delivery-associated cues
presented in the absence of drug infusion (cues only). Two-way RM ANOVA, main effectsocaine **p < 0.0001; n = 5, 6 mice for Ctrl and DRD3 shRNA.

(J) Sample VP DRD3* GCaMP6f photometry traces during Baseline versus seeking test sessions, comparing Ctrl and DRD3 shRNA mice. Tick marks above

traces indicate threshold-detected events.

(K) DRD3-dependent increase in activity of VP DRD3* neurons during cocaine seeking. Two-way RM ANOVA, Sidak’s post hoc tests, ***p < 0.001; n =9, 10 mice

for Ctrl and DRD3 shRNA.

(L) Unaltered VP DRD3* neuron activity in a drug-free open field context for mice that self-administered cocaine. n = 3, 4 mice for Ctrl and DRD3 shRNA.

(
(
(
(

M) Schematic of bilateral viral expression (red) of Cre-dependent mCherry or hM4D-mCherry in the VP of DRD3-Cre mice.

N) Sample image of bilateral Cre-dependent mCherry expression in the VP of DRD3-Cre mice. Scale bar, 500 pm.

0O) Experimental schedule of cocaine self-administered experiments with CNO administration prior to the seeking test on day 24.

P) Cocaine self-administration data corresponding to experiments described in (M), (O), and (Q). n = 8 mice each for Ctrl and hM4D.

(Q) hM4D-dependent reduction of VP DRD3* neuron activity reduces cocaine seeking. Two-way RM ANOVA, Sidak’s post hoc test, ***p < 0.001; n = 8 mice each

for Ctrl and hM4D.

Error bars indicate + SEM for all. See Table S2 for detailed statistics. See also Figures S2-S4.
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Figure 3. VP DRD3-mediated potentiation of DA release in the NAc latSh during relapse to cocaine seeking
(A) Representative images of c-Fos immunostaining in the VTA of mice that underwent the post-abstinence cocaine-seeking test prior to perfusion, with AAV-
mediated bilateral expression of Ctrl or DRD3 shRNA constructs in the VP. Medial VTA (mVTA), lateral VTA (latVTA). Scale bar, 250 pm.

(B) Quantification of the number of c-Fos™ cells in the medial and lateral VTA along anterior-posterior (A.-P.) coordinates, from mice corresponding to (A). Two-
way ANOVA, Sidak’s post hoc test, **p < 0.01 for latVTA A.P. —2.92 Ctrl versus DRD3 shRNA; n = 4-6 images per group.
(C) Schematic of unilateral AAV-GRABpaom expression in the NAc latSh and bilateral AAV-GRABpaom plus AAV-DRD3 shRNA in the VP, with corresponding optic

fibers for photometry.

(D) Sample images of GRABpa2m and mCherry expression in the NAc latSh and VP. Scale bars, 200 um. L, lateral; D, dorsal.
(E) Experimental schedule of cocaine self-administered experiments with GRABpaom photometry signal collection points (green arrows) at day 0 (baseline), days

6-10 (FR3), and day 24 (seeking test).

(F) Averaged GRABpaom photometry signals from NAc latSh (top) and VP (bottom) of Ctrl and VP DRD3 shRNA mice, in response to a self-administered cocaine

infusion (arrowhead and vertical dotted line).

(G-1) DA levels in the NAc latSh and VP were indistinguishable between Ctrl and VP DRD3 shRNA following a self-administered cocaine infusion. n = 8, 7 mice for

Ctrl and DRD3 shRNA.

(J) Representative traces of NAc latSh GRABpa2m photometry during baseline (day 0) and seeking test (day 24) sessions. Tick marks above traces indicate

threshold-detected events.
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behavior (Figures S4J-S4L). In addition, CNO injection did not
significantly alter locomotor activity or open field anxiety in
hM4D mice (Figures S4M and S4N). Thus, taken together, our re-
sults suggest that a DRD3-signaling-induced increase in VP
DRD3" neuronal activity drives the process of relapse to cocaine
seeking after prolonged abstinence by contributing to the devel-
opment of contextually specific augmented activity in the VP.

VP DRD3-mediated potentiation of DA release in the NAc
latSh during relapse to cocaine seeking

VTA DA neuronal activity and NAc DA release are elevated during
cocaine seeking and functionally contribute to relapse to
cocaine seeking (Mahler et al., 2019; Phillips et al., 2003; Saun-
ders et al., 2013; Solecki et al., 2020). Moreover, distinct VTA ac-
tivity and NAc DA release profiles (Liu et al., 2020), as well as
distinct functional roles (Bossert et al., 2007; Liu et al., 2020),
have been documented across the lateral and medial aspects
of the mesolimbic pathway during context-dependent drug
relapse. To assess whether VP DRD3 KD may reduce relapse
to cocaine seeking by reducing VTA activity relative to control
mice seeking cocaine, we quantified c-Fos expression in the
latVTA and medial VTA 1 h after the drug-seeking test (Figures
3A and 3B). Strikingly, the rostral latVTA, which projects to the
NAc latSh (Yang et al., 2018), showed a pronounced decrease
in c-Fos* cells in VP DRD3 KD mice following the seeking test
(Figure 3B). This suggests that activity of NAc-latSh-projecting
VTA neurons, potentially including DAergic neurons, may be
reduced during cocaine seeking in mice with DRD3 KD in the VP.

To measure DA levels in the NAc latSh and VP, we used fiber
photometry to perform in vivo DA imaging using the genetically
encoded DA sensor GRABpaom (Sun et al., 2020) (Figures 3C-
3E, S5J, and S5K). We first compared the effects of a self-admin-
istered intravenous cocaine infusion on DA levels in the NAc
latSh versus the VP. In both control and VP DRD3 KD mice, we
found that a self-administered cocaine infusion caused DA levels
to rapidly rise and decay in the NAc latSh, whereas VP DA levels
rose comparatively slowly but persisted at high levels for far
longer (Figures 3F to 3l). This suggests a sustained level of DA re-
ceptor signaling in the VP during cocaine self-administration
sessions, which may cause pronounced effects on local
neuronal plasticity.

Throughout GRABpaom imaging sessions, we observed
frequent transient events in the NAc latSh signal. During the
seeking test, we expected a substantial fraction of these events
to represent motivational drive and reward expectation previ-
ously associated with the cocaine self-administration context
during the consummatory phase (de Jong et al., 2019; du Hoff-
mann and Nicola, 2014; Phillips et al., 2003; Roitman et al.,
2004). We quantified the average frequency of DA transient
events occurring during the pre-drug baseline (day 0) and
seeking (day 24) imaging sessions in control and VP DRD3 KD
mice that had previously self-administered saline or cocaine
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(Figure 3J). Whereas the frequency of DA transients in the NAc
latSh of control mice was significantly elevated during the
seeking test as compared to the pre-drug baseline, VP DRD3
KD mice seeking cocaine, as well as saline controls, did not
show a significant elevation in the frequency of DA transients
during the seeking test (Figures 3J and 3K).

To assess NAc latSh DA release associated with cocaine-
seeking nose pokes, we quantified AUC for GRABpaom signal
epochs between —1 s and +3 s surrounding nose pokes (Fig-
ures S5A-S5D). We divided our analysis into two parts, sepa-
rating the first 50% of nose pokes from the second 50% of
nose pokes performed by each animal during the seeking
test, as we expected a gradual devaluation of active nose
pokes over the course of the seeking test. Similar to VP
DRD3* GCaMP6f recordings, control mice had higher AUC
values associated with active nose pokes compared to inactive
nose pokes; however, these effects were only statistically sig-
nificant for the first 50% of nose pokes performed during the
seeking session (Figure S5C, 0-50, nose-poke-type main ef-
fect). In addition, when analyzing active nose-poked-related
events aggregated from all subjects (using subject ID as a co-
variate), control mice had higher active-nose-poke GRABpaom
AUC values than VP DRD3 KD mice, for the first 50% of active
nose pokes performed (Figure S5D, 0-50). Analogous analyses
of GRABpa>m measurements from the VP indicated similar but
less robust trends compared to the NAc latSh (Figures S5E-
S5H). Furthermore, as for VP DRD3" GCaMP6f recordings,
for control mice that self-administered cocaine, we found that
the increase in number of DA release events occurring across
the seeking session (day 24) as compared to the pre-drug
baseline (day 0) was generally larger than the number of active
nose pokes performed during the seeking session (Figure S5I,
control points above the identity line), suggesting that elevated
DA release in the NAc latSh is not simply a function of active
nose pokes performed. Taken together, this set of results
strongly suggests that DRD3-dependent signaling in the VP
contributes to elevating accumbal DA release during relapse
to cocaine seeking.

VP DRD3* neuronal projections to the LHb and VTA are
predominantly inhibitory

To understand the circuit-level mechanisms through which VP
DRD3" neurons control DA release in the NAc, we probed the
anatomical and functional properties of VP DRD3" neuronal pro-
jections to the LHb and VTA, as these two targets have been pre-
viously shown to control reward-related behaviors (Faget et al.,
2018; Knowland et al., 2017; Stephenson-Jones et al., 2020).
VP DRD3* neurons send non-collateralizing, synapse-forming
projections to the LHb and VTA (Figures S6A-S6F and 4A-4D).
Whole-cell patch-clamp recordings from the LHb and VTA
revealed large ChR2-evoked GABAa-receptor-mediated re-
sponses in both target structures, with small and infrequent

(K) Ctrl mice seeking cocaine have a significantly higher number of DA release events in the NAc latSh as compared to their baseline event frequency, as well as
compared to VP DRD3 shRNA mice seeking cocaine or Ctrl mice that self-administered saline. Two-way RM ANOVA, Sidak’s post hoc tests comparing baseline
versus seeking days, ***p < 0.001; Newman-Keuls post hoc tests comparing treatments, *p < 0.05; n = 6, 10, and 9 mice for Ctrl:Sal, Ctrl:Coc, and DRD3

shRNA:Coc.

Error bars or shading indicate + SEM for all. See Table S2 for detailed statistics. See also Figure S5.
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Figure 4. Characterization of VP DRD3* projections to the LHb and VTA

(A and B) Cre-dependent AAV-mRuby2/synaptophysin-EGFP was stereotaxically injected in the VP of DRD3-Cre mice to visualize synaptic terminals in the LHb
and VTA. Scale bar, 100 um. L, lateral; D, dorsal.

(C and D) Representative images showing a high density of VP DRD3* synaptic terminals in the LHb and VTA. Scale bars represent 100 um for left panels and
30 um for right (zoom) panels.

(E) Schematic of Cre-dependent ChR2 expression in the VP of DRD3-Cre mice to characterize connectivity to the LHb and VTA using whole-cell patch-clamp
electrophysiology.

(F and G) Large IPSCs and some small excitatory postsynaptic currents (EPSCs) were evoked by stimulating ChR2-expressing VP DRD3* terminals in the LHb or
VTA. Bar graphs show average IPSC and EPSC amplitudes for connected cells. Pie charts indicate percent connectivity for each type of response. n = 26/36 and
25/47 connected/total cells patched from LHb and VTA. PTX, picrotoxin, GABAAR antagonist; NBQX, AMPA/kainate receptor antagonist.

(H) Scatterplot of ChR2-evoked IPSC versus EPSC amplitudes for VP DRD3* neurons projecting to the LHb or VTA.

(I) Schematic for experiments assessing connectivity of VP DRD3* neurons to LHb neurons projecting to the RMTg or VTA; Cre-dependent ChR2 expression in
the VP of DRD3-Cre mice, with red retrobeads injected in the RMTg or VTA.

(J) ChR2-EYFP-expressing terminals and red retrobeads in the LHb, corresponding to experimentsin (I), (K), and (L). Scale bar represents 100 um for both images.
(K) IPSC connectivity of VP DRD3* neurons to LHb neurons targeting the RMTg or VTA. Connected/total cells.

(L) ChR2-evoked IPSC amplitudes corresponding to connected cells in (K). Mann-Whitney two-tailed U test, **p = 0.002.

(legend continued on next page)
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contributions from AMPA-receptor-mediated currents (Figures
4E-4H). Connectivity was higher in the LHb (72.2%) than the
VTA (53.2%), suggesting greater control over LHb output. The
LHb is known to provide excitatory input to GABAergic neurons
of the VTA and rostromedial tegmental nucleus (RMTg) (Araki
et al., 1988; Brinschwitz et al., 2010), which in turn inhibit VTA
DA neurons (Hong et al., 2011; Ji and Shepard, 2007; Lammel
et al., 2012). To determine whether VP DRD3" neurons connect
to this circuit, we recorded VP DRD3* ChR2-evoked inhibitory
post-synaptic currents (IPSCs) from LHb neurons labeled by
red retrobeads injected in the VTA or RMTg (Figures 41 and 4J).
Both connectivity and the amplitude of ChR2-evoked IPSC re-
sponses were greater for LHb neurons projecting to the RMTg
(Figures 4K and 4L), suggesting that LHb-projecting VP DRD3*
neurons may disinhibit VTA DA neurons primarily via RMTg
GABAergic neurons.

To characterize the cell-type-specific connectivity of VP
DRD3" neurons sending direct projections to the VTA, we used
single-cell RT-PCR (scRT-PCR) to identify genetic markers of
cells receiving ChR2-evoked IPSCs directly from VP DRD3™" neu-
rons (Figures 4M and 4N). We categorized patched VTA cells as
putatively DAergic (type A), glutamatergic (type B), or GABAergic
(type C) and found substantial overlap between type A and type
B cells (Figures 4N and 40). Putatively GABAergic VTA cells (type
C) received approximately half as many inhibitory inputs from VP
DRD3" neurons as putatively DAergic (type A) and glutamatergic
(type B) VTA cells (23.8% versus 45.5% and 50.0%, respec-
tively), but IPSC amplitudes were similar across all three cate-
gories (Figures 4P and 4Q). Therefore, VTA-projecting VP
DRD3* neurons may have the capacity to excite or inhibit DAer-
gic neurons depending on which subsets of cells are activated
and/or depending on their firing pattern. On the other hand,
LHb-projecting VP DRD3* neurons are likely to inhibit LHb neu-
rons projecting to GABAergic midbrain neurons, thereby disinhi-
biting mesoaccumbal DA neurons (Barrot et al., 2012; Brown
et al., 2017; Lammel et al., 2012).

Optogenetic stimulation of VP DRD3* neuronal
projections to the LHb and VTA causes DA release in the
NAc latSh and appetitive behavior

To assess the ability of distinct VP DRD3* neuronal projections
to alter accumbal DA release, we monitored GRABpao, activa-
tion in the NAc latSh in response to ChR2-mediated stimulation
of VP DRD3* neuronal projections to the LHb or VTA (Figures 5A,
5F, S7TA-S7C, and S7F-S7H). We found that stimulation of both
LHb- and VTA-projecting VP DRD3* neurons elevated DA

¢ CellP’ress

OPEN ACCESS

release in the NAc latSh during stimulation periods (Figures 5B,
5C, 5G, 5H, S7D, and S7E), suggesting that concerted, artificial
activation of either projection can drive appetitive behavior.
Indeed, contextually paired stimulation of either LHb- or VTA-
projecting VP DRD3* neurons drove real-time place preference
(Figures 5D, 5E, 51, and 5J).

Activity of VP DRD3" axonal terminals in the LHb is
augmented during relapse to cocaine seeking

To understand the relative contributions of LHb-projecting
versus VTA-projecting VP DRD3* neurons to relapse to
cocaine seeking after abstinence, we first directly monitored
the activity of each projection at baseline (day 0) and during
the cocaine-seeking test (day 24) using viral-mediated delivery
of axon-targeting GCaMP6s to VP DRD3* neurons (Broussard
et al., 2018) and fiber photometric measurements of axonal
Ca®* signals from each target structure (Figure 6A, S7I, and
S7J). The overall frequency of Ca2* signal transients in axonal
terminals of VP DRD3" neurons in the LHb was significantly
elevated during the post-abstinence seeking test as compared
to baseline levels, whereas Ca®* signals in axonal terminals of
VP DRD3* neurons in the VTA did not differ significantly be-
tween the two sessions (Figures 6B and 6C). Interestingly, un-
like our findings from VP DRD3* GCaMP6f recordings, AUC
for the —1 s to +3 s time window surrounding nose pokes
was not significantly different between active and inactive
nose pokes for either the LHb or VTA terminals (Figures
S7K-S7M), suggesting that active nose-poke-related tran-
sients may preferentially occur in subpopulations of VP
DRD3" neurons projecting to other targets (e.g., NAc, medio-
dorsal thalamus [MD], or lateral hypothalamus [LH]). Together,
our results suggest that LHb-projecting VP DRD3* neurons are
selectively and tonically activated throughout the cocaine-
seeking session and that this activity may be disinhibiting
mesoaccumbal DA release to invigorate cocaine-seeking
behavior.

The difference between LHb- and VTA-projecting VP DRD3*
neuronal activity during post-abstinence seeking (day 24) may
be caused by various factors, including the relative contributions
of brain-wide anatomical inputs to each projection branch.
Indeed, using monosynaptic rabies tracing combined with
target-specific retrograde viral expression of Cre-dependent
Flp recombinase (RG-EIAV-DIO-FIp) (Knowland et al., 2017; Lila-
scharoen et al., 2021) (Figure 6D), we uncovered significant
differences in inputs from the NAc latSh, central amygdala
(CeA), and basomedial amygdala (BMA) (Figures 6E and 6F),

(M) Schematic showing procedure for collecting cytosolic contents from single VTA neurons receiving monosynaptic inputs from VP DRD3* neurons, followed by

single-cell RT-PCR (scRT-PCR).

(N) Sample images of scRT-PCR products for VTA cell-type markers: TH, tyrosine hydroxylase; DAT, dopamine transporter; VGLUT2, vesicular glutamate
transporter 2; GAD1&2, GAD1/2, glutamic acid decarboxylase 1 and 2, 1 or 2; VGAT, vesicular GABA transporter. Cell type “A” was defined as DAergic-like based
on expression of both TH and DAT, cell type “B” was defined as glutamatergic-like based on expression of VGLUT2 and absence of GAD1&2 and VGAT, and cell
type “C” was defined as GABAergic-like based on expression of GAD1 or 2 and absence of VGLUT2 and DAT.

(O) Total number of cells recorded and genetically characterized for each of the three cell types presented in (N), (P), and (Q).

(P) Percentage of VTA cell types A, B, and C receiving IPSC input from VP DRD3* neurons. Connected/total cells.

(Q) ChR2-evoked IPSC amplitudes corresponding to connected cells in (P).

Error bars indicate + SEM for all. See Table S2 for detailed statistics. See also Figure S6.
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Figure 5. VP DRD3" projections to the LHb and VTA Ctrl NAc latSh DA

release and appetitive behavior

(A and F) Cre-dependent ChR2 or EYFP were expressed in the VP of DRD3-Cre mice and projections to the LHb (A) or VTA (F) were optogenetically stimulated

while GRABpazm Was monitored in the NAc latSh.

(B and C) DA release in the NAc latSh was elevated while stimulating VP DRD3* terminals in the LHb. Analysis of covariance (ANCOVA) using subject ID (mouse
identity) as a covariate, **p < 0.001; n = 24 and 25 trials for EYFP and ChR2, from four mice each. Analysis by subject presented in Figure S7D.
(D and E) Real-time place preference was induced by optogenetic stimulation of VP DRD3* terminals in the LHb. Mann-Whitney two-tailed U test, *p = 0.045; n=8

and 5 mice for EYFP and ChR2.

(G and H) DA release in the NAc latSh was elevated while stimulating VP DRD3* terminals in the VTA. ANCOVA using subject ID as a covariate, **p = 0.003 for
treatment comparison; n = 28 and 34 trials for EYFP and ChR2, from four mice each. Analysis by subject presented in Figure S7E.

(I and J) Real-time place preference was induced by optogenetic stimulation of VP
and 11 mice for EYFP and ChR2.

DRD3* terminals in the VTA. Mann-Whitney two-tailed U test, **p =0.002; n=7

Error bars indicate + SEM for all. See Table S2 for detailed statistics. See also Figure S7.

supporting a distinction between the functional roles of LHb- and
VTA-projecting VP DRD3* neurons.

Activity and DRD3 expression in LHb-projecting VP
DRD3" neurons is necessary to drive relapse to cocaine
seeking

To further address the relative functional contributions of LHb-
and VTA-projecting VP DRD3" neurons during relapse to
cocaine seeking, we first optogenetically or chemogenetically
manipulated terminal activity of VP DRD3"* neurons during the
post-abstinence seeking test (day 24) using bilateral optic fibers
or drug-infusion cannulae positioned above each target struc-
ture (Figures 7A, 7F, S8A, and S8B). We found that inhibiting
VP DRD3" neuronal terminals in the LHb, either episodically
with Cre-dependent NpHR3.0 or throughout the seeking test
with Cre-dependent hM4D, significantly reduced the number of
active nose pokes performed during the seeking test, whereas
episodic ChR2-mediated activation of this projection had no ef-
fect on nose poke number (Figures 7B-7E). Conversely, optoge-
netically activating or inhibiting VP DRD3* terminals in the VTA
did not significantly alter nose pokes performed during the
seeking session, whereas hM4D-mediated inhibition throughout
the seeking test slightly elevated the number of both active and
inactive nose pokes performed, suggesting a small increase in
either overall locomotor activity or motivated drug seeking
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when using uninterrupted inhibition of activity throughout the
session (Figures 7G-7J).

Second, we assessed cocaine-seeking behavior in groups of
mice with DRD3 expression knocked down in either the LHb-
or the VTA-projecting subpopulations of VP neurons. We
achieved this by using a Cre-dependent DRD3 KD construct vir-
ally expressed in the VP, combined with a retrograde Cre-ex-
pressing virus (RG-EIAV-Cre) (Knowland et al., 2017; Lilaschar-
oen et al, 2021) injected either in the LHb or the VTA
(Figure 7K and 7L). Consistent with previous findings for VP
PV* neurons (Knowland et al., 2017) and our findings for VP
DRD3" neurons (Figure S6), we found that LHb-projecting and
VTA-projecting VP neurons form distinct subpopulations that
show minimal axonal cross-collateralization (Figure 7L), enabling
us to separately manipulate DRD3 expression in each projection
branch. Strikingly, DRD3 KD in LHb-projecting VP neurons
reduced the number of active nose pokes performed during
the post-abstinence seeking test (day 24), while DRD3 KD in
VTA-projecting VP neurons had no effect. Thus, on the whole,
our findings support the conclusion that augmented activity of
LHb-projecting VP DRD3* neurons by cocaine-associated
contextual cues drives relapse to cocaine-seeking behavior
and that DRD3-dependent plasticity within the LHb-projecting
branch of the VP plays a critical role in driving cocaine-seeking
behavior.
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Figure 6. Augmented activity of VP DRD3* axonal terminals in the LHb during relapse to cocaine seeking

(A) Cre-dependent axon-targeting GCaMP6s was expressed in the VP of DRD3-Cre mice and fiber photometry signals were collected from VP DRD3* terminals in
the LHb and VTA.

(B) Representative photometry signal traces collected from VP DRD3* axonal terminals in the LHb (top panels) or VTA (bottom panels) at baseline (left panels) or
during post-abstinence cocaine seeking (day 24) (right panels). Tick marks above traces indicate threshold-detected events.

(C) Activity of VP DRD3" axonal terminals in the LHb was significantly elevated during the seeking test compared to their baseline levels, as well as compared to
the activity of VP DRD3* axonal terminals in the VTA. Two-way RM ANOVA, Sidak’s post hoc tests, *p < 0.05, ***p < 0.001; n = 7 mice each for LHb and VTA.
(D) Schematic of viral strategy to identify monosynaptic inputs to LHb- or VTA-projecting VP DRD3* neurons. DRD3-Cre mice were (1) injected with Flp-
dependent TVA and oPBG-expressing viruses in the VP and Cre-dependent Flp recombinase-expressing retrograde equine infectious anemia virus (RG-EIAV-
DIO-FIp) in the LHb or VTA,; (2) 3 weeks later, EnvA-pseudotyped rabies virus expressing EGFP was injected in the VP.

(E) Representative images of monosynaptic inputs to LHb- and VTA-projecting VP DRD3* neurons. Scale bars, 200 um. L, lateral; D, dorsal.

(F) Quantification of brain-wide inputs to LHb- and VTA-projecting VP DRD3* neurons. Mann-Whitney two-tailed U tests, *p < 0.05 for NAc latSh, CeA, and BMA;
n =5 and 4 hemispheres each.

Orbital Ctx, orbital cortex; NAc core, nucleus accumbens core; NAc mSh, nucleus accumbens medial shell; NAc latSh, nucleus accumbens lateral shell; Olfac
Tub, olfactory tubercle; VDB, vertical diagonal band; CPu, caudate putamen; Preoptic, preoptic area; BNST, bed nucleus of the stria terminalis; CeA, central

amygdala; BMA, basomedial amygdala; LH, lateral hypothalamus; VTA, ventral tegmental area.
Error bars indicate + SEM for all. See Table S2 for detailed statistics. See also Figure S7.

DISCUSSION

Identifying the factors that sustain long-lasting vulnerability to drug
relapse is pivotal to designing therapeutics for addictive disorders.
Our model incorporates a 2-week period of forced abstinence in
the home cage, which is aimed at modeling periods of involuntary
drug unavailability in human addiction (Farrell et al., 2018; Reiner
etal.,2019; Venniro et al., 2016). In this study, we provide a molec-
ular and circuit-level understanding of how repeated use of
cocaine can modify the activity of a subset of neurons in the VP
to influence DA release in the NAc and motivate drug seeking
upon delayed reexposure to the self-administration context.

DRD3 expression in the VP as a critical factor driving
relapse to cocaine seeking

We found that prolonged abstinence from passive or self-admin-
istered cocaine elevates DRD3 expression in the VP. This in-

crease parallels gene expression (Freeman et al., 2010; Walker
et al., 2018) and DNA methylation (Massart et al., 2015) changes
observed in several brain regions, specifically following long
(>10 days) periods of abstinence from cocaine self-administra-
tion, but not following short (1 day) abstinence. Increased
DRD3 expression may be driving augmented activity of VP neu-
rons during relapse, possibly through suppression of inhibitory
neurotransmission (Chen et al., 2006; Shin et al., 2018; Swant
et al., 2008) or an increase in excitability resembling the effects
of DRD2 overexpression (Cazorla et al., 2012).
Pharmacological antagonism of DRD3 signaling has been
shown to attenuate various forms of relapse to drug seeking (An-
dreoli et al., 2003; Galaj et al., 2015; Sokoloff and Le Foll, 2017;
Vorel et al., 2002; Xi and Gardner, 2007; Xi et al., 2013). Here, we
used a highly specific approach to studying DRD3 function dur-
ing relapse by selectively knocking down DRD3 expression in the
VP, an anatomical reward hub not previously studied in the
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Figure 7. Activity and DRD3 signaling in the LHb-projecting branch of VP DRD3* neurons is necessary to drive relapse to cocaine seeking
(A, B, and D) Cre-dependent AAVs were injected bilaterally in the VP of DRD3-Cre mice, and bilateral optic or drug-infusion cannulae were implanted over the
LHb. Scale bars, 200 um. L, lateral; D, dorsal for all.

(C and E) Mice seeking cocaine following 2 weeks of abstinence performed fewer active nose pokes if VP DRD3* terminals in the LHb were inhibited with NpHR (C)
or with hM4D (E). Two-way RM ANOVA for optogenetic treatment, Tukey’s post hoc tests, ***p < 0.001; n =7, 4, and 7 mice for EYFP, ChR2, and NpHR. Two-way
RM ANOVA for chemogenetic treatment, Tukey’s post hoc test, “**p < 0.001; n = 4 and 6 mice for Ctrl and hM4D.

(F, G, and I) Cre-dependent AAVs were injected bilaterally in the VP of DRD3-Cre mice, and bilateral optic or drug-infusion cannulae were implanted over the VTA.
Scale bars, 200 um. L, lateral; D, dorsal for all.

(H and J) Optogenetically stimulating or inhibiting VP DRD3* terminals in the VTA did not affect cocaine seeking (H), whereas chemogenetically inhibiting VP
DRD3* terminals in the VTA with hM4D significantly elevated both active and inactive nose pokes (J). n = 5, 6, and 7 mice for EYFP, ChR2, and NpHR. Two-way
RM ANOVA for chemogenetic treatment, Tukey’s post hoc tests, *p < 0.05; n = 5 and 5 mice for Ctrl and hM4D.

(K) Schematic for experiments in (L), (M), and (N). Cre-dependent EGFP (Ctrl) or DRD3 shRNA were injected bilaterally in the VP of wild-type mice, and Cre
recombinase-expressing RG-EIAV was injected in the LHb or VTA to selectively knock down DRD3 expression in LHb- or VTA-projecting VP neurons.

(L) Representative images of EGFP expression in LHb-projecting (top panels) or VTA-projecting (bottom panels) VP neurons, showing minimal collateralization
between the two projections. Scale bars represent 500 um for the VP injection site and 200 um for LHb and VTA terminals. L, lateral; D, dorsal for all.

(M) KD of DRD3 expression in LHb-projecting VP neurons decreases cocaine seeking following 2 weeks of abstinence from cocaine self-administration (day 24).
Two-way RM ANOVA, Sidak’s post hoc test, **p < 0.001; n = 3 mice each for Ctrl and DRD3 shRNA.

(N) As in (M), but for VTA-projecting VP neurons. n = 3 mice each for Ctrl and DRD3 shRNA.

Error bars indicate + SEM for all. See Table S2 for detailed statistics. See also Figure S8.

context of DRD3 function. Consistent with systemic administra-  high-ratio and PR schedules (Xi and Gardner, 2007; Xi et al.,
tion of DRD3 antagonists, we found decreased drug seeking in  2005), we found that VP DRD3 KD did not significantly impact
mice with DRD3 KD in the VP. However, whereas systemic FR3 or PR performance, suggesting that VP DRD3-mediated
DRD3 antagonism reduces cocaine self-administration under plasticity either plays a larger role under conditions when
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reinforcement is absent or impacts the development of incuba-
tion of cocaine craving (Pickens et al., 2011). Our observations
that CPP score and VP DRD3* neuronal activity in the CPP para-
digm are only significantly affected by DRD3 KD after 10 days of
abstinence suggest that prolonged abstinence enhances the
contribution of VP DRDS3 signaling to cocaine seeking.

DRD3 controls augmented activity of VP neurons during
relapse

To understand how DRD3 KD in the VP reduces cocaine seeking
after abstinence, we explored how DRD3 signaling in the VP im-
pacts neural activity and plasticity. Using in vivo Ca®* imaging,
we found that activity of DRD3-expressing VP neurons is
elevated during the drug-deprived cocaine-seeking state,
decreased during the cocaine-intoxicated state, and unaltered
in a context never paired with cocaine. Recent findings show a
similar increase in the firing rate of VP GABAergic neurons during
cue-induced reinstatement of cocaine seeking (Heinsbroek
et al., 2020). Augmented activity of VP DRD3* neurons during
cocaine seeking, as well as increased net excitatory drive to
these neurons during the abstinence period, were all vitally
dependent on DRD3 expression. Mimicking the effects of
DRD3 KD by chemogenetically inhibiting VP DRD3* neuronal ac-
tivity also resulted in suppressed drug seeking. Together, these
findings support the notion that VP DRD3* neurons encode
cocaine craving and drive cocaine seeking in the drug-associ-
ated environment in a manner dependent on DRD3-mediated
plasticity. How might cocaine induce plasticity in the VP via
DRD3 signaling? We observed a large and prolonged increase
in DA release in the VP in response to intravenous cocaine infu-
sion. The decay of DA release in the VP displayed a longer half-
life than in the NAc latSh, possibly due to lower DRD2-mediated
autoregulation of DA release (Mengual and Pickel, 2002) and/or
lower DA transporter expression (Stout et al., 2016) in the VP as
compared to striatal areas. Thus, despite sparse DAergic inner-
vation of the VP as compared to the NAc (Adrover et al., 2014;
Papathanou et al., 2019), DA may play an important local
signaling role in the VP in response drugs of abuse, such as
cocaine, that cause long-lasting elevation of DA. DRD3 may be
especially important given its higher affinity for DA (Richtand,
2006; Robinson et al., 1994; Sokoloff et al., 1990).

Which direct synaptic inputs are modulating VP DRD3*
neuronal activity? Prior work has shown that DRD1-expressing
NAc medium spiny neurons (D1 MSNSs) increase their activity in
response to passively administered cocaine and immediately
prior to entry into a drug-associated context, whereas DRD2-ex-
pressing NAc medium spiny neurons (D2 MSNs) correspond-
ingly decrease their activity (Calipari et al., 2016). As VP DRD3*
neurons receive a large fraction of their inputs from the ventral
striatum, likely from an equal mix of D1 and D2 MSNs (Creed
et al., 2016; Knowland et al., 2017), it is possible that elevated
D1-MSN-mediated inhibition dominates during the cocaine-in-
toxicated state, whereas reduced D2 MSN-mediated inhibition
during seeking disinhibits VP DRD3"* neurons. Inputs from the
VTA are also a probable source of modulation, as glutamatergic
VTA neurons synapse onto and activate VP neurons (Yoo et al.,
2016), and VTA neuron firing is acutely suppressed by cocaine
(Calipari et al., 2017).
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Distributed control of NAc latSh DA release via pallido-
habenular DRD3* neurons

Because KD of DRDS in the VP blocked augmented activity of VP
DRD3" neurons in the cocaine-seeking context, we expected a
distributed effect of VP DRD3 KD on neuronal activity in other
structures of the reward circuitry, including the VTA. Indeed,
we observed reduced activation of neurons in the latVTA and
reduced DA release in the NAc latSh of VP DRD3 KD mice during
the seeking test. This suggests that VP DRD3* neurons regulate
the reciprocal circuit between latVTA DA neurons and NAc latSh
MSNSs, a circuit that is known to drive appetitive behavior (Yang
etal., 2018) and has been associated with relapse behavior (Bos-
sert et al., 2007; Liu et al., 2020). DA release in the NAc is crucial
for expression of cocaine-seeking behavior (Mahler et al., 2019;
Phillips et al., 2003; Saunders et al., 2013; Solecki et al., 2020)
and generally plays an important role in motivational vigor, rein-
forcement learning, and reward processing (Hamid et al., 2016;
Salamone and Correa, 2012; Schultz, 2016; Watabe-Uchida
et al,, 2017). We therefore sought to understand how VP
DRD3" neuronal activity regulates DA release in the NAc latSh
by dissecting the circuitry connecting VP DRD3" neurons to
the VTA. We compared the direct projection to the VTA with an
indirect connection to the VTA sent via the LHb. We found that
both LHb-projecting and VTA-projecting VP DRD3* neurons
were primarily GABAergic and capable of eliciting DA release
in the NAc latSh and real-time place preference when optoge-
netically stimulated. The LHb is largely devoid of GABAergic in-
terneurons (Brinschwitz et al., 2010) and sends excitatory pro-
jections to inhibitory GABAergic neurons in the VTA and RMTg
(Araki et al., 1988; Brinschwitz et al., 2010), thereby inhibiting
VTA DA neurons (Hong et al., 2011; Ji and Shepard, 2007; Lam-
mel et al., 2012). We found that VP DRD3" neurons preferentially
inhibited RMTg-projecting LHb neurons. Therefore, we suspect
that activation of pallido-habenular VP DRD3* neurons sup-
presses LHb activity, which reduces activity in GABAergic
RMTg neurons and thereby disinhibits VTA DA neurons, leading
to increased DA release in the NAc latSh. On other hand,
because we observed that VTA-projecting VP DRD3* neurons
synapse onto both DAergic and GABAergic neurons in the
VTA, it is unclear precisely how these predominantly inhibitory
VP DRD3" neurons elicit DA release in the NAc latSh. It appears
that strong and concerted activation of VP DRD3" projections to
the VTA using ChR2 results in a net disinhibition of VTA DA neu-
rons. However, natural forms of activity may select for subsets of
VP DRD3* neurons projecting only to VTA DA neurons or only to
VTA GABA neurons during specific behaviors, which could result
in net excitation or inhibition of VTA DA neurons.

Our axonal fiber photometry measurements showed that LHb-
projecting VP DRD3* neurons tonically elevate their activity dur-
ing drug seeking after abstinence, whereas the VTA-projecting
branch does not. Thus, elevated activity inferred from our so-
matic measurements of VP DRD3" neurons (Figure 2) would be
expected to contain the elevated activity of neurons projecting
to the LHb and possibly other subpopulations not explored in
this study, such as those projecting to the NAc, MD, or LH.
Compared to the VTA-projecting population, LHb-projecting
VP DRD3* neurons received more direct input from the NAc
latSh and BMA but less input from the CeA (Figure 6). DA is
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released in the NAc latSh in response to reward and reward-pre-
dictive cues (de Jong et al., 2019; Liu et al., 2020), and inhibition
of the NAc latSh to VP projection regulates motivational attrac-
tion to reward-paired cues (Smedley et al., 2019), suggesting
that reward-encoding information from the NAc is preferentially
conveyed to the LHb-projecting VP DRD3* subpopulation. Inac-
tivation of the CeA reduces cocaine self-administration (Warlow
et al., 2017) and context-dependent relapse to cocaine seeking
(Pelloux et al., 2018), while inhibition of glutamatergic inputs to
the CeA reduces relapse after voluntary abstinence from cocaine
self-administration (Venniro et al., 2017). Given that CeA neurons
are predominantly GABAergic (Adams et al., 2018; Gungor et al.,
2018), these findings imply that CeA inputs are preferentially in-
hibiting VTA-projecting VP DRD3* neurons to facilitate relapse to
cocaine seeking. Enhancing this inhibition would be expected to
augment cocaine seeking, which is consistent with our observa-
tion that chemogenetically inhibiting VTA-projecting VP DRD3*
neurons slightly increased seeking. We note that prior findings
implicating the VP to VTA projection in driving relapse to cocaine
seeking (Mahler et al., 2014) used a different model of relapse in
rats and did not specifically manipulate DRD3-expressing
neurons, but likewise did not observe a reduction in relapse
behavior with inhibition of caudal VP terminals in the VTA, sug-
gesting that relapse model, species, cell type, and anatomical
specificity may be important considerations for the VTA-projec-
ting subpopulation.

DA-driven plasticity in the VP

In addition to anatomical input to the VP from VTA DAergic neu-
rons (Klitenick et al., 1992) and regulation of VP DA release by
drugs of abuse (Sizemore et al., 2000; Stout et al., 2016),
functional evidence suggests a role for VP DA signaling in regu-
lating local neuronal activity (Clark and Bracci, 2018; Maslowski-
Cobuzzi and Napier, 1994; Mitrovic and Napier, 2002) and
behavioral responses to drugs of abuse (Gong et al., 1996,
1997). Using GRABpaom, We observed a robust increase in DA
level in the VP in response to self-administered intravenous
cocaine infusion, but unlike in the NAc latSh, spontaneous DA
transients were rare, preventing us from performing a
threshold-based event analysis throughout the seeking session.
Our analysis of nose-poke-related GRABpaom events in the VP
during seeking did not find conclusive differences between
active and inactive nose pokes but warrants further investigation
to understand the role of VP DA signaling during relapse, as well
as in relation to DA-driven plasticity occurring during the
consummatory and abstinence phases. Differentiating between
DRD3-dependent plasticity occurring during the consummatory
phase versus the role of elevated DRD3 expression during incu-
bation of cocaine craving remains an open question, as does the
heterogeneity of DA receptor expression in the VP. The latter
point may be especially relevant in understanding why DRD3
KD restricted to LHb-projecting VP neurons was effective at
reducing seeking, while DRD3 KD in the VTA projection was not.

Circuit model for role of DRD3-expressing VP neurons in
cocaine seeking

In summary, our findings explain how DRD3-mediated plasticity
in the VP can drive downstream changes in mesoaccumbal DA
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release during relapse to cocaine seeking through a projection-
defined subpopulation of neurons. We propose a circuit model
(Figure S8C) detailing how reexposure to the drug-taking context
elevates activity in the pallido-habenular branch of DRD3-ex-
pressing VP neurons to inhibit the LHb, which in turn disinhibits
VTA DA neurons to drive release of DA in the NAc latSh. Elevated
activity in this loop interlinking the NAc, VP, LHb, and midbrain
may sustain an appetitive motivational state that drives cocaine
seeking (lkemoto et al., 2015). Conversely, if DRD3-mediated
plasticity in the LHb-projecting branch of the VP is absent,
elevated activity cannot be sustained as effectively in this loop,
and drug seeking is diminished. Thus, our findings suggest
that DRD3 antagonism or suppression of activity aimed at
the ventral pallido-habenular branch of the reward circuitry
may be an effective intervention for chronic, relapsing-remitting
drug abuse.
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MED-PC-Code
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Other

Mouse vascular access button
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Instech Laboratories
Access Technologies
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Byung

Kook Lim (bklim@ucsd.edu).

Materials availability

DNA constructs and viruses generated by the authors will be distributed to other research investigators upon request.

Data and code availability

The data and custom code that support the findings from this study are available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J mice were obtained from The Jackson Laboratory. DRD3-Cre mice were obtained from the Gene Expression Nervous Sys-
tem Atlas (GENSAT, Founder line: KI196) and crossed to C57BL/6J mice for several generations prior to use. Adult male and female
mice (~8-14 weeks old), housed on a 12h light/dark cycle were used for all experiments. Mice were generally housed in groups of 2-4
per cage, except for experiments involving drug infusion cannula implants, in which case they were housed individually post stereo-
taxic surgery. All experiments involving the use of animals were approved by the Institutional Animal Care and Use Committee (IA-
CUC) of the University of California, San Diego.

METHOD DETAILS

Plasmid and virus generation

Adeno-associated virus (AAV) vector plasmids were generated using standard molecular cloning methods or were obtained from
external sources. Origins and cloning of pAAV-EF1a-EGFP, pAAV- EF10-EmGFP-DRD3 shRNA, pAAV-EF1a-DRD3(T1182G)-
EmGFP-DRD3 shRNA (knock-down with rescue mutant), pAAV- EF1a-DIO-EGFP, pAAV-EF1a-DIO-EmGFP-DRD3 shRNA, and
pAAV-EF10-DIO-GCaMP6f were described previously (Shin et al., 2018). Construction and validation of shRNA targeting DRD3
was described previously (Shin et al., 2018), and contained the targeting sequence 5'- TTCTTCTTGACTCACGTTCTT-3". pAAV-
EF1a-mCherry-DRD3 shRNA and pAAV-EF14-DIO-GCaMP6f-DRD3 shRNA were generated based on pAAV-EF1a-EmGFP-DRD3
shRNA and pAAV-EF1a-DIO-EmGFP-DRD3 shRNA, respectively. pAAV-hSyn-GRABpaom Was a gift from Dr. Yulong Li (Sun et al.,
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2020). Origins and cloning of pAAV-EF1a-fDIO-EGFP, pAAV-EF1a-fDIO-mRuby2-TVA, pAAV-EF1a-fDIO-0PBG, pAAV-EF10-DIO-
mCherry, pAAV-hSyn-DIO-hM4D(Gi)-mCherry, pAAV-sSyn-DIO-mRuby2-T2A-Synaptophysin-eGFP, pAAV-EF1a-DIO-
hChR2(H134R)-EYFP, and pAAV-EF1a-DIO-eNpHR3.0-EYFP were described previously (Knowland et al., 2017). pAAV-hSyn-
DIO-axon-GCaMP6s-P2A-mRuby3 was a gift from Dr. Lin Tian (Broussard et al., 2018).

All AAV viruses used in this study were produced in-lab, as previously described (Knowland et al., 2017; Lilascharoen et al., 2021;
Limetal., 2012; Shin et al., 2018). Briefly, adenoassociated viruses (AAVs) were produced by transfection of 293 cells with three plas-
mids: (1) an AAV vector plasmid expressing the target construct (pAAV), (2) an AAV helper plasmid (pPHELPER; Agilent), (3) and AAV-
rep-cap helper plasmid (pRC-DJ, gift from M. Kay). Viral particles were isolated from cell lysates using iodixanol step-gradient
ultracentrifugation and subsequently concentrated using a 100-kDa molecular mass cutoff ultrafiltration device (Millipore). Genomic
titer was determined using real-time quantitative PCR and diluted in PBS to a working concentration of approximately 102 viral par-
ticles/mL.

Production of EnvA-pseudotyped, glycoprotein-deleted rabies virus expressing EGFP (EnvA-RVAG-eGFP) was described previ-
ously (Knowland et al., 2017; Lilascharoen et al., 2021; Shin et al., 2018) and based on a published protocol (Osakada and Callaway,
2013). Briefly, B7GG cells were used to generate non-pseudotyped RVAG-eGFP, which was then pseudotyped by transducing BHK-
EnVA cells.

Retrograde equine infectious anemia virus expressing Cre-dependent Flp recombinase (RG-EIAV-DIO-FIp) or Cre recombinase
(RG-EIAV-Cre) was generated using a modified version of a published protocol (Cetin and Callaway, 2014), as described previously
(Knowland et al., 2017; Lilascharoen et al., 2021). Briefly, HEK293T cells were transfected with three plasmids: (1) an EIAV genomic
vector (pEIAV-CAG-DIO-FIp or pEIAV-CAG-Cre), (2) a helper packaging plasmid (pEV53B; a gift from John Olsen), and (3) a pseu-
dotyping plasmid-encoding fusion protein, (FuG-B2; a gift from Kazuto Kobayashi). Viral particles were harvested from the media
by centrifugation, and the resulting pellet was reconstituted with PBS and immediately stored at —80°C.

Surgeries

Stereotaxic injections

Mice were anesthetized either with a mixture of ketamine (100 mg/kg) and dexmedetomidine (0.5 mg/kg) or with isoflurane (5% for
induction, 1%—-2% for maintenance; Somnosuite, Kent Scientific), and then placed in a stereotaxic apparatus (David Kopf Instru-
ments). During surgery and recovery, mice were kept on heating pads to maintain body temperature. Viral injections of 150-300
nL were delivered unilaterally or bilaterally using a Hamilton microsyringe connected to borosilicate glass pipettes, at an infusion
rate of 80-100 nl/min controlled by a syringe pump (PHD Ultra, Harvard Apparatus). Pre-emptive analgesia was provided by a sub-
cutaneous injection of buprenorphine (0.1 mg/kg) or sustained-release buprenorphine (0.5-1.0 mg/kg). Post-operative analgesia was
provided by additional injections of buprenorphine (spaced 12 hr apart) or the long-lasting (72 hr) effect of sustained-release bupre-
norphine. For fiber photometry, optogenetic, and local chemogenetic activation experiments, optic fibers or drug-delivery cannulae
were chronically implanted above the target region following viral injection, and secured to the skull with adhesive cement (C&B Me-
tabond, Parkell). Incisions were closed with absorbable sutures (Oasis) and sterile tissue adhesive (Vetbond, 3M).

Stereotaxic coordinates were derived from Franklin and Paxino’s Mouse Brain Atlas in Stereotaxic Coordinates (Franklin and Pax-
inos, 2008), and were as follows relative to Bregma (in mm): VP [anteroposterior (AP), +0.55; mediolateral (ML), +/—1.60; dorsoventral
(DV), —5.00], NAc latSh (AP, +1.50; ML, +/— 1.60; DV, —4.40), LHb (AP, —1.00; ML, +/—0.50; DV, —2.80), VTA (AP, —3.00; ML, +/
—0.60; DV, —4.70), RMTg (AP, —4.20; ML, +/—0.30; DV, —4.40). Optic fibers and drug infusion cannulae were placed ~0.2-
0.4 mm dorsal to DV coordinates. Based on histological validations, actual injection/implant sites were determined to correspond
to locations approximately 0.40 mm posterior on the atlas as compared to the AP coordinates above.

For viral-mediated knock-down of DRD3 experiments, AAV-EGFP (control), AAV-EmGFP-DRD3 shRNA (knock-down), AAV-
DRD3(T1182G)-EmGFP-DRD3 shRNA (knock-down with rescue mutant)(Shin et al., 2018), AAV-mCherry-DRD3 shRNA (knock-
down), AAV-DIO-EGFP (Cre-dependent control for patch clamp electrophysiology), AAV-DIO-EmGFP-DRD3 shRNA (Cre-dependent
knock-down for patch clamp electrophysiology and projection-specific knock-down), AAV-DIO-GCaMP6f (control for photometry),
or AAV-DIO-GCaMP6f-DRD3 shRNA (knock-down for photometry) were injected bilaterally in the VP of wild-type mice. Mice recovered
for 2 weeks prior to subsequent jugular vein catheter surgery or 3 weeks prior to the start of behavioral experiments.

For identification of synaptic puncta in target regions of VP DRD3* neurons, AAV-DIO-mRuby2-Synaptophysin-EGFP was injected
unilaterally in the VP of DRD3-Cre mice; after ~8 weeks of viral expression brains were processed for histology. We used an inter-
sectional strategy to assess the extent to which VP DRD3* neurons collateralize to different target regions: AAV-fDIO-EGFP was
unilaterally injected in the VP, and RG-EIAV-DIO-Flp was injected in the LHb or VTA of DRD3-Cre mice; histological analyses followed
after 3-4 weeks of viral expression.

For projection-defined monosynaptic rabies tracing of inputs to VP DRD3" neurons, a 1:1 mixture of AAV-fDIO-mRuby2-TVA and
AAV-fDIO-oPBG were injected in the VP, and RG-EIAV-DIO-Flp was injected into the ipsilateral LHb or VTA of DRD3-Cre mice. After
3 weeks of viral expression, the same mice were injected in the VP with EnvA-RVAG-eGFP. After an additional 6-10 days of expres-
sion, mice were euthanized and brains were processed for histological analyses.

For calcium imaging of DRD3" neurons in the VP, AAV-DIO-GCaMP6f or AAV-DIO-GCaMP6f-DRD3 shRNA was bilaterally injected
in the VP of DRD3-Cre™ mice and a photometry optic fiber (400 um diameter, 0.48 NA, Doric Lenses) was inserted unilaterally just
above the VP. For dopamine imaging in the NAc latSh and VP during self-administration experiments, AAV-GRABpa>m Was injected
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unilaterally in the NAc latSh and a 1:1 mixture of AAV-GRABpasn, and AAV-mCherry-DRD3 shRNA was injected bilaterally in the VP of
wild-type mice. One photometry optic fiber was inserted just above the site of virus injection in the NAc latSh while a second photom-
etry optic fiber was inserted just above the contralateral VP. For dopamine imaging in the NAc latSh during optogenetic stimulation of
VP DRD3" neuronal terminals in the LHb or VTA, AAV-GRABpaom Was injected unilaterally in the NAc latSh and AAV-DIO-EYFP or
AAV-DIO-ChR2-EYFP was injected bilaterally in the VP of DRD3-Cre mice. A photometry optic fiber was inserted just above the
site of virus injection in the NAc latSh, and bilateral optogenetic optic fiber implants (200 pm diameter, 0.22 NA, Doric Lenses)
were inserted just above the LHb or VTA. For axonal calcium imaging in the LHb and VTA, AAV-DIO-axon-GCaMP6s-P2A-mRuby3
was injected unilaterally in the VP of DRD3-Cre mice, and a photometry optic fiber was inserted above the ipsilateral LHb or VTA. Mice
recovered for 2 weeks prior to subsequent jugular vein catheter surgery or 3 weeks prior to the start of behavioral experiments.

For chemogenetics experiments, AAV-DIO-hM4D(Gi)-mCherry was injected bilaterally in the VP of DRD3-Cre mice. For control of
terminal activity in the LHb or VTA, bilateral drug-infusion cannulae (26 gauge, InVivo1) were inserted just above the LHb or VTA. Mice
recovered for 2 weeks prior to subsequent jugular vein catheter surgery.

For optogenetic manipulations during cocaine seeking, DRD3-Cre mice were bilaterally injected with either AAV-DIO-EYFP, AAV-
DIO-ChR2-EYFP or AAV-DIO-eNpHR3.0-EYFP, and dual fiber-optic cannulae (200 um fiber diameter, 0.22 NA, Doric Lenses) were
inserted just above the LHb or VTA. Mice recovered for 2 weeks prior to subsequent jugular vein catheter surgery. For ChR2-assisted
circuit mapping using patch clamp electrophysiology, AAV-DIO-ChR2-EYFP was injected bilaterally in the VP of DRD3-Cre mice and
ex vivo patch clamp recordings were performed after 3-4 weeks of viral expression.

Jugular vein catheterization

Mice were anesthetized with isoflurane (5% for induction, 1%-2% for maintenance; Somnosuite, Kent Scientific), and placed on a
warming pad throughout the surgery. The right jugular vein was isolated and a silicone catheter (2 French tip size, Access Technol-
ogies) pre-filled with heparin (10 USP/mL, BD) was inserted to a depth of ~1.2 cm toward the heart. Sutures were tied around the
catheter to secure it to the vein. The other end of the catheter was attached to a mouse vascular access button (22 gauge, Instech)
positioned in the interscapular area. Incisions were closed with absorbable sutures (Oasis) and sterile tissue adhesive (Vetbond, 3M).
Analgesia was provided as for stereotaxic surgeries. Catheters were flushed with Heparin (100 USP/mL, BD) within a few hours of
recovery from anesthesia. Mice recovered for ~1 week prior to the start of cocaine self-administration sessions.

Behavioral procedures

Cocaine self-administration

Cocaine self-administration experiments were conducted using standard mouse operant chambers (Med-Associates) equipped with
two illuminated nose pokes, a syringe pump and a vascular access button tether kit (Instech). The ‘active’ nose poke was paired
with delivery of cocaine, whereas the ‘inactive’ nose poke had no consequence. Operant chambers were dark (house light off) during
all sessions. Days 1-4 were conducted on a fixed-ratio 1 (FR1) schedule, and ays 5-10 were conducted on an FR3 schedule, with one
session performed each day. FR sessions lasted either: (i) 2 hr for days 1-10 (for experiments presented in Figures 1D-1H and S1F-S1l),
or (i) 2 hr for day 1 and 3 hr for days 2-10 (for all other experiments involving cocaine self-administration). Prior to the start of the first
session, mice were food-deprived overnight (12-16 hr) to increase exploratory behavior. Some experiments (Figures 1D-1H, S1F, and
S1H) included a progressive ratio (PR) session on Day 11, with 30 min given to reach an exponentially-increasing requirement for the
next infusion. Successful completion of the schedule during FR and PR sessions simultaneously resulted in: one infusion of cocaine, a
0.5 s sound cue, a 10 sillumination of the ‘active’ nose poke, and a 10 s time-out period during which ‘active’ nose pokes were recorded
but did not contribute to delivery of the next infusion. Cocaine solution (Sigma-Aldrich, 0.75 mg/mL, dissolved in 0.9% saline) was deliv-
ered at a rate of ~18 pl/sec, with each infusion delivering 1.0 mg/kg intravenously via the implanted vascular access button. One ‘prim-
ing’ infusion of ~72 ulL was delivered at the start of each session. For mice self-administering saline instead of cocaine, infusion volumes
were equivalent. Catheters were flushed with heparin solution (100 USP/mL, BD) prior to and after the completion of each session. Cath-
eter patency was assessed by: (i) low resistance to catheter flushing prior to the start of each session, (i) presence of cocaine-elicited
hyperlocomotor behavior at the end of each session, and (iii) infusion of sodium brevital solution (5 mg/kg) via the vascular access button
to observe a rapid anesthesia response (loss of righting reflex within 5 s). Mice with poor catheter patency typically displayed a decaying
nose-poking rate across days, and were removed from the study. Following the completion of all cocaine self-administration sessions,
mice remained in their home cages for 2 weeks (forced abstinence). This was followed by a seeking test during which mice were re-
introduced to the operant chamber, and nose pokes were recorded but had no consequence (extinction conditions). The seeking
test lasted 20 min for fiber photometry experiments and 2 hr for all other experiments.

For quantitative PCR experiments, cocaine self-administration was performed as described above in the first paragraph, but the
seeking test was omitted. Mice were euthanized and brain tissue was microdissected after 1 or 14 days of home-cage abstinence.
Brain tissue processing and quantitative PCR were performed as described in a subsection below.

For immunostaining of c-Fos experiments, cocaine self-administration was performed as described above in the first paragraph,
and mice were euthanized ~60 min after the end of the 2hr seeking test. Brain tissue was processed as described in the histology
section below.

For fiber photometry experiments, cocaine self-administration was performed as described above in the first paragraph, with some
modifications. Fiber photometry measurements were made using a custom-built sSCMOS camera-based set-up, described in a sub-
section below. Baseline photometry measurements were acquired while the (drug-naive) mouse explored the drug self-administration
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operant box for 10 min on Day 0 (the day prior to the first FR1 session), with only the photometry patch cord attached to the mouse;
nose poking had no consequence during this session. During days 6-10, prior to the 3 hr FR3 self-administration session, fiber photom-
etry measurements were performed on a subset of mice, during short self-administration sessions, as follows: (i) the mouse did not
receive an initial priming infusion, (i) the first FR3 completion resulted in cue delivery only (no cocaine), (iii) the second FR3 completion
resulted in cue and cocaine (1.0 mg/kg) delivery, (iv) drug was infused via a hand-held syringe to prevent the photometry patch cord
and drug infusion tubing from tangling, (v) recordings proceeded for at least 2 min after the infusion, following which the mouse was
returned to the home cage, (vi) visualization of the operant chamber using a near-infrared camera (Basler) facilitated these experi-
ments. During the 20 min seeking test, only the photometry patch cord was attached to the mouse.

For experiments involving chemogenetic manipulation of the entire VP DRD3* population, cocaine self-administration was per-
formed as described above in the first paragraph, and clozapine N-oxide (CNO) (0.1 mg/kg) was injected intraperitoneally (I.P.)
~30 min prior to the start of the seeking test (for Figures 20-2Q) or the Day 8 FR3 session (Figures S4J-S4L). For chemogenetic con-
trol of VP DRD3" terminals in the LHb and VTA, CNO (1 mM, dissolved in ACSF, 0.2 ul/side for LHb, 0.5 pl/side for VTA) was delivered
at arate of 0.1 pl/min using a pair of Hamilton syringes connected to the chronically implanted drug infusion cannulae, ~10 min prior
to the start of the 2 hr seeking test.

For patch clamp electrophysiology experiments, mice self-administered saline or cocaine for 10 days, as described above in the
first paragraph. Following 12 to 16 days of home-cage abstinence, the seeking test was omitted, and mice were euthanized for ex vivo
patch clamp electrophysiology, as described in the patch clamp slice electrophysiology section below.

For optogenetic experiments, cocaine self-administration was performed as described above in the first paragraph. Prior to the
seeking test, mice were habituated to moving freely in an open field context with the optic fiber patch cord (Doric Lenses) attached
to the optical fiber implant. Laser light (OEM Laser Systems) was split bilaterally through a 1x2 rotary joint (Doric Lenses). Laser po-
wer, measured with a light power meter (Thorlabs) prior to each experiment, was set to 10-15 mW bilaterally at the tip of the patch
cord. During the seeking test, laser stimulation (473nm, 10 Hz, 5ms pulses for EYFP or ChR2; 593 nm, continuous for EYFP or
NpHRS3.0) was delivered throughout the session using an optogenetic TTL pulse generator (Doric Lenses), for alternating 10 min light
ON/10 min light OFF periods, starting with a light ON period.

For projection-specific DRD3 knock-down experiments, cocaine self-administration and the seeking test were performed exactly
as described above in the first paragraph of the cocaine self-administration subsection.

Sugar pellet self-administration

Sugar pellet self-administration experiments were conducted in the same operant chambers as cocaine self-administration exper-
iments, equipped with two illuminated nose pokes and a food pellet dispenser (Med-Associates). Mice were mildly food deprived to
~90% of free-feeding body weight throughout the experiment. The ‘active’ nose poke was paired with delivery of a 20 mg sugar pellet
(Bio-Serv), whereas the ‘inactive’ nose poke had no consequence. Operant chambers were dark (house light off) during all sessions.
Days 1-4 were conducted on a FR1 schedule, and days 5-10 were conducted on an FR3 schedule, with one session performed each
day. FR sessions lasted 1 hr each. The PR session on Day 11 had a 30 min time-out period to reach an exponentially-increasing
requirement for delivery of the next pellet. Successful completion of the schedule during FR and PR sessions simultaneously resulted
in: delivery of one sugar pellet, a 0.5 s sound cue, a 10 s illumination of the ‘active’ nose poke, and a 10 s time-out period during which
‘active’ nose pokes were recorded but did not contribute to delivery of the next pellet. Following the completion of all 11 sugar self-
administration sessions, mice remained in their home cages for a further two weeks. This was followed by a 1hr seeking test during
which mice were reintroduced to the operant chamber and nose pokes were recorded but had no consequence (extinction
conditions).

GRABp, photometry with optogenetic stimulation

Mice were connected to fiber photometry and optogenetic patch cords (Doric Lenses) and placed in a clean cage with fresh bedding.
Mice habituated for ~10 min to the environment prior to data acquisition. Fiber photometry measurements of GRABpaom expressed
in the NAc latSh were made using an open source Python-based set-up (Akam and Walton, 2019), described in a subsection below.
Optogenetic stimulation (473nm, 10 Hz, 5ms pulses, laser power 10-15 mW) was delivered for periods of 50 s, with a minimum of 60 s
in between stimulation trials. Six or more stimulation trials were performed for each animal, over the course of at least 2 separate
sessions.

Real-time place preference

Mice were connected to an optogenetic patch cord delivering light bilaterally via a 1x2 rotary joint (Doric Lenses). Mice were placed in
arectangular arena (L: 67.5, W:24, H: 50 cm), which had a middle section with a clear plexiglass floor (11.5 x 24 cm), and two sections
on opposite sides (28 x 24 cm each) which were distinguished by wall pattern (checkered versus striped) and floor texture (smooth
versus rough). Behavior was monitored using a camera (Logitech) and video tracking software (Biobserve Viewer or Noldus Ethovi-
sion XT). Mice explored the entire arena for 20 min without optical stimulation. Based on this initial habituation session, the side with
lower preference was assigned as the light-paired side. Another 20 min session followed, during which presence inside the 28 x
24 cm light-paired side resulted in optogenetic stimulation (473nm, 10 Hz, 5ms pulses, laser power 10-15 mW). In some experiments,
a third 20 min session followed, during which optogenetic stimulation was switched to the opposite 28 x 24 cm side. To obtain the
‘light-paired side difference’ value, the amount of time spent in the light-paired side during the habituation session was subtracted
from the amount of time spent on the light-paired side during the stimulation session (i.e., light-paired side difference = stim. — hab.).
In cases where a second stimulation session was performed, the amount of time spent in the light-paired side during the second
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stimulation session was subtracted from the amount of time spent on that same side during the first stimulation session, and the
average of the two light-paired side differences was calculated [i.e., light-paired side difference = (stim. 1 — hab. + stim. 2 — stim.
1)/2].

Conditioned place preference (CPP)

Experiments were conducted in a three-chambered rectangular arena (L: 67.5, W:24, H: 50 cm) with a middle chamber (11.5 x 24 cm)
and two chambers on opposite sides (28 x 24 cm each) separable by two removable vertical inserts. The two chambers on each side
differed in wall pattern (checkered versus striped) and floor texture (smooth versus rough). On day 1, the mouse freely explored the
open arena for 20 min (habituation). On days 2-4, a morning session and an afternoon session were carried out. On day 2, the mouse
was injected with saline (I.P.) in the morning session and immediately confined to one side for 15 min, while in the afternoon session,
the mouse was injected with cocaine (15 mg/kg, I.P.) and immediately confined to the opposite side for 15 min. On days 3 and 4, the
procedure was repeated as on day 2, with cocaine/saline and saline/cocaine administered in the morning/afternoon sessions,
respectively. The cocaine-paired side was chosen randomly for each mouse. On days 5 (CPP Test 1) and 14 (CPP Test 2), the mouse
freely explored the open arena again for 20 min. The amount of time spent in each chamber was tracked during the habituation and
CPP Tests using a camera (Logitech) and video tracking software (Biobserve Viewer or Noldus Ethovision XT). The amount of time
spent in the cocaine-paired side during the baseline session was subtracted from the amount of time spent on the same side during
the CPP tests. For CPP experiments involving fiber photometry measurements, the behavioral procedures were identical, but mice
were connected to a photometry patch cord on days 1, 5 and 14. Photometry data was collected and analyzed as described in a
subsection below.

Open field test

Mice were placed in an open field arena (44 x 44 x 44 cm) and the total distance traveled was measured for 10 min (Biobserve). The
percent time spent in the center was determined using a 20 X 20 cm zone in the center of the arena.

Fiber photometry data acquisition

Cocaine self-administration and CPP

A fiber photometry patch cord (400 um, 0.48 NA, Doric Lenses) was coupled to the optic fiber implant using bronze sleeves (Doric
Lenses) which allowed for rotational motion. Fiber photometry data was collected using a custom-built set-up with light path as fol-
lows: a 405nm/470nm/550nm LED light source (SPECTRA X, Lumencor) delivered light through an excitation filter (Thorlabs, FB410-
10 and FB470-10 and M565F1), a dichroic mirror (Semrock, FF495-Di02-25 x 36) and a 20X objective (Nikon, CFI Plan Apo Lambda)
connected to the optic fiber patch cord; emission light passed back through the patch cord, 20X objective, and across the dichroic
mirror, on its way to an (optional) image-splitting optics unit (W-VIEW GEMINI, Hamamatsu) that separated green and red emission
light. Inside the image splitter, a 560nm dichroic mirror (Chroma, T560Ipxr-UF2-26 x 28 x 2 mm) separated the emission into two
channels, each of which was additionally filtered by a 600-637nm (Semrock, FF01-600/37-25) or a 520-535nm emission filter (Sem-
rock, FF01-520/35-25) and then projected onto the sCMOS camera (Orca-Flash4.0, Hamamatsu). The light source was adjusted for
each mouse to generate an emission signal hovering around 20%-40% of sCMOS sensor saturation (~40-150 uW). Images were
acquired at 20 Hz using HCImage (Hamamatsu) and converted into a string of numbers (signal) using Imaged. For self-administration
experiments, HClmage acquisition and the MED-PC operant behavior program (Med-Associates) were started simultaneously; nose
poke and infusion time stamps recorded by MED-PC were used to locate events in the photometry signal. GCaMP6f and GRABpasm
were excited with 470 nm light. Excitation with 405 nm light (isosbestic point) for GCaMP6f and GRABpaom Was performed in separate
sessions; based on these recordings, contributions from motion artifacts were estimated to be much smaller than calcium- or DA
release-driven transients (i.e., generally < 5% of peak transient amplitudes). Axon-GCaMP6s-P2A-mRuby3 was excited with simul-
taneous 470/550nm light, and image-splitting optics (W-VIEW GEMINI, Hamamatsu) separated green (GCaMP6s) and red (mRuby3)
emission light into two distinct areas of the camera’s field of view, allowing for separation of GCaMP6s and mRuby3 signals.
GRABp, photometry with optogenetic stimulation

Mice were connected to the photometry rig using a fiber photometry patch cord and bronze sleeve, as described above for self-
administration experiments. GRABpaom Signals were collected using an open source, Python-based photometry rig (pyPhotometry)
(Akam and Walton, 2019). Briefly, the system used 470 nm and 405 nm LEDs (Doric Lenses), a Micropython Pyboard with 2 analog
and 2 digital inputs, and a photoreceiver (Doric Lenses). A graphical user interface was used to control acquisition, visualize signals
and record data. Time-division multiplexed illumination allowed for interleaved acquisition of GRABpaom fluorescence evoked by
470 nm (DA-dependent) and 405 nm (DA-independent) excitation light. Optogenetic laser stimulation of ChR2 was controlled using
an optogenetics TTL pulse generator (Doric Lenses) which also sent TTL pulses to one of the digital inputs on the Micropython Py-
board, allowing for precise identification of optogenetic stimulation epochs.

Patch clamp slice electrophysiology

Mice were euthanized using isofluorane inhalation and coronal brain slices (300 um) containing either the VP, LHb or VTA were pre-
pared using a vibratome (Leica VT1200S), in a solution containing (in mM): 110 choline chloride, 25 NaHCO3, 1.25 NaH,PQO,, 2.5 KCl,
7 MgCl,, 25 glucose, 0.5 CaCl,, 11.6 ascorbic acid, and 3.1 pyruvic acid, saturated with 95% O,/5% COs.. Slices recovered at 30°C
for 20 min, and subsequently at room temperature in a solution containing (in mM): 118 NaCl, 26 NaHCOg, 11 glucose, 15 HEPES, 2.5
KCl, 1.25 NaH,POy, 2 pyruvic acid, 0.4 ascorbic acid, 2 CaCl,, and 1 MgCl,, saturated with 95% O,/5% CO.. Following > 1.5 hr of
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recovery, slices were transferred to the electrophysiology rig’s recording chamber, which was perfused with artificial cerebrospinal
fluid (ACSF) containing (in mM): 119 NaCl, 26.2 NaHCOg3, 11 glucose, 2.5 KCI, 1 NaH,PQO,, 2.5 CaCl,, and 1.3 MgCl,, saturated with
95% 0./5% CO,, maintained at a temperature of 30 + 1°C and flowing at a rate of 2 mL/min. Cell soma were visualized using dif-
ferential interference microscopy using 4X or 40X objectives (Olympus BX61WI). All patch clamp recordings were performed in
the whole cell configuration using borosilicate glass pipettes (3-4 MQ). Liquid junction potentials were left uncompensated. Signals
were amplified and filtered (2 kHz) using an Axopatch 700B amplifier, sampled at 10 kHz using a Digidata 1550, and recorded with
Clampex 10.4 (Molecular Devices). Analyses were performed offline using Clampfit 10.4 (Molecular Devices). Only cells with stable
access resistance of < 25 MQ throughout the recording period were included in the analysis.

For ChR2-assisted circuit mapping of VP DRD3" inputs to the LHb and VTA, recordings were performed following 3-4 weeks of
Cre-dependent ChR2 virus expression in the VP of DRD3-Cre mice. For recordings of LHb cells projecting to the RMTg or VTA,
red retrobeads (Lumafluor) were stereotaxically injected in the RMTg or VTA in the same surgery as ChR2 injections; during record-
ings, LHb cells containing red retrobeads were visualized using epifluorescence and selectively patched. ACSF contained 0.5 uM
tetrodotoxin (TTX, Tocris) and 100 uM 4-aminopyridine (4-AP, Sigma) to isolate monosynaptic responses (Petreanu et al., 2009).
Recording pipettes were filled with (in mM): 115 CsMeSQO3, 1.5 MgCl,, 1 EGTA, 10 HEPES, 4 Mg-ATP, 0.3 Na3-GTP, 10 Na-phos-
phocreatine, 2 QX-314, and 10 BAPTA-Cs,. Excitatory to inhibitory ratio (E:l Ratio) recordings were performed in voltage clamp
mode and calculated as the peak synaptic response at V,, = —70 mV divided by the peak synaptic response at V;, = 0 mV. ChR2 ter-
minals in the LHb or VTA were activated by an LED light source (SPECTRA X, Lumencor) delivering blue light (473 nm, 5 ms pulses,
~10 mW) via the 40X objective. For each cell, 10-15 sweeps of 15 s duration were collected at each V,, for analysis, with one blue light
pulse delivered at the start of each sweep. For some recordings, after obtaining E:| ratio data, ACSF containing 10 pM NBQX and/or
100 puM picrotoxin (PTX) (in addition to 0.5 uM TTX and 100 uM 4-AP) was washed onto the cells to determine whether the ChR2-
evoked EPSCs or IPSCs were mediated by AMPA receptors and GABA, receptors, respectively. In all cases, EPSC or IPSC ampli-
tude was reduced > 95% by washing on NBQX or PTX, respectively.

For studies of plasticity of VP DRD3" neurons following abstinence from saline/cocaine self-administration, recordings were per-
formed after 12-16 days of home-cage abstinence following the last cocaine or saline self-administration session. Cells expressing
Cre-dependent EGFP or Cre-dependent EGFP-DRD3 shRNA in the VP of DRD3-Cre mice were visualized using epifluorescence and
selectively patched. Current clamp recordings were performed in ACSF containing 10 uM NBQX and 100 uM PTX to block synaptic
transmission. For current clamp recordings, recording pipettes were filled with (in mM): 125 K-gluconate, 4 NaCl, 10 HEPES, 0.5
EGTA, 20 KCI, 4 Mg-ATP, 0.3 Nas-GTP, and 10 Na-phosphocreatine. To measure firing frequency in response to current injection,
cells were brought to rest at —65 mV, and +10 pA increments were applied in 500 ms steps. E:l ratio recordings were performed in
voltage clamp, in plain ACSF, as for ChR2-assisted circuit mapping, but using electrical stimulation of the slice instead of blue light.

For mapping of VTA cell types receiving VP DRD3* neuronal inputs using single-cell RT-PCR, recordings were performed following
3-4 weeks of Cre-dependent ChR2 virus expression in the VP of DRD3-Cre mice. Due to the predominantly GABAergic VP DRD3*
neuronal input to the VTA, we focused our analysis on cells with inhibitory ChR2-mediated responses. Recording pipettes were filled
with (in mM): 125 CsCl, 8 NaCl, 0.6 EGTA, 10 HEPES, 4 Mg-ATP, 0.3 Nas-GTP, 10 Na-phosphocreatine, and 2 QX-314. Recordings
were performed in voltage clamp mode in the presence of 5 uM NBQX at V}, = —70 mV. ChR2-mediated responses were evoked with
blue light stimulation, as described above. At the end of the recording, negative pressure was applied to the pipette to draw in the
cytoplasmic contents of the recorded cell; the pipette tip was then crushed into the bottom of a tube containing ddH,O and RNase
inhibitor.

Single-cell RT-PCR

Cytoplasmic contents of each recorded cell were collected in separate tubes containing 1.5 uL ddH,O and 1.0 pL RNase inhibitor. Sam-
ples were immediately stored at —80°C for subsequent batch processing. Samples were reverse transcribed using the SuperScript IV
First-strand cDNA synthesis kit (Thermo Fisher Scientific). Target sequences were amplified from the cDNA by a multiplex PCR (mPCR)
reaction with wide-spanning primers (~350-500 bp product size) followed by a nested PCR (nPCR) reaction (~250-300 bp product).
Products were separated and visualized on 2% agarose gels. The targets amplified were: tyrosine hydroxylase (TH) (mPCR-F: 5'-
CCGAGCCAGACTGCTGCCAC-3, mPCR-R: 5-ACCCCCTCTAAGGAGCGCCG-3; nPCR-F: 5-TGGTTCACTGTGGAGTTTGGGCT-
3, nPCR-R: 5-GGGCGCTGGATACGAGAGGC -3'), dopamine transporter (DAT) (mMPCR-F: 5-CAGCCTGCCTGGTGCTGGTC-3,
mPCR-R: 5'-AGACAGCGGGAGTGTGGCGA-3’; nPCR-F: 5'-CACAGCCCTGCTCCTGCGTG-3, nPCR-R: 5-GCTTCTGTGCCATG
TACCCCAGG-3'), vesicular GABA transporter (VGAT) (mPCR-F: 5-ACTGCGACGATCTCGACTTT-3, mPCR-R: 5-TGAGGAA
CAACCCCAGGTAG-3’; nPCR-F: 5- GCCAGGGCCTGCAGATGGAC-3', nPCR-R: 5-CGCCGTGGAGGATGGCGTAG-3'), vesicular
glutamate transporter 2 (VGLUT2) (mPCR-F: 5'-GGCTACTCTCATACTAGAGGG-3', mPCR-R: 5'-GCACAAATTCTTCCTTTTTCTC-3';
nPCR-F: 5-TTGGCACGCTGTCGGGGATG-3', nPCR-R: 5'-TTCTCCTGTGAGGTAGCACCGT-3'), glutamate decarboxylase 1 (GAD1)
(MPCR-F: 5-CACAGGTCACCCTCGATTTT-3, mPCR-R: 5-TCTATGCCGCTGAGTTTGTG-3'; nPCR-F: 5-GGGCTGCGCTTGGCTT
TGGA-3, nPCR-R: 5-TGAGCAGTCCACCACCCCAGG-3)), glutamate decarboxylase 2 (GAD2) (mPCR-F: 5'-CAGCCTTAGGGATTG
GAACA-3', mPCR-R: 5-ACCCAGTAGTCCCCTTTGCT-3; nPCR-F: 5-GTTCCTTTCCTGGTGAGTGC-3, nPCR-R: 5-TGCATCAGT
CCCTCCTCTCT-3'), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (mPCR-F: 5-ACTCCACTCACGGCAAATTC-3,
mPCR-R: 5'- CACATTGGGGGTAGGAACAC-3’; nPCR-F: 5-TCTCCGCCCCTTCTGCCGAT-3, nPCR-R: 5-CCACAGCCTTGGCAG
CACCA-3'). The scRT-PCR primers listed above are also listed in Table S1.
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Quantitative real-time PCR

Mice were euthanized using isofluorane inhalation, and coronal brain slices (300 um) containing the VP were prepared using a vibra-
tome (Leica VT1200S), in standard ACSF solution containing (in mM): 119 NaCl, 26.2 NaHCOg, 11 glucose, 2.5 KCI, 1 NaH;POy,, 2.5
CaCl,, and 1.3 MgCl,, saturated with 95% O,/5% CO.,. The VP was microdissected bilaterally, immediately frozen on dry ice and then
transferred to —80°C for subsequent batch processing. RNA was extracted using the Hybrid-R RNA purification kit (GeneAll Biotech-
nology). Purified RNA was reverse transcribed using the SuperScript IV First-strand cDNA synthesis kit (Thermo Fisher Scientific).
Target sequences were amplified from the cDNA using the TagMan Gene Expression Assay Kit (Thermo Fisher Scientific) and the
ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). Tagman probes were obtained from Thermo Fisher Scientific and were
as follows: DRD1 (Mm02620146_s1), DRD2 (Mm00438545_m1), DRD3 (Mm00432887_m1), GAPDH (Mm99999915_g1). mRNA
expression level for each sample was calculated using 2°2°!, where C, was the cycle threshold for each reaction, AC; = C; (gene
of interest) — C; (GAPDH) (Schmittgen and Livak, 2008). Fold change was calculated by normalizing the value of each sample to
the mean of the control samples.

Fluorescent in situ hybridization (FISH)

Mice were euthanized using isofluorane inhalation, perfused with ice-cold ACSF, and brains were quickly extracted and placed in an
isopentane bath chilled with dry ice and 70% EtOH. Coronal slices (20 um) were sectioned using a cryostat (Leica CM3050S) and
mounted on slides. Tissue processing and FISH were performed using the RNAScope Fluorescent Multiplex Assay (Advanced
Cell Diagnostics), using the following probes: Drd1a (406491-C2), Drd2 (406501-C3), Drd3 (447721), Slc17a6 (VGIuT2, 319171-
C2), Sic32a1 (VGAT, 319191-C3), NeuN (Rbfox3) (313311-C2), Chat (408731-C2), Cre recombinase (312281-C2). Slides were imaged
using a confocal microscope (Olympus FluoView FV1200). Several images for each anatomical area were acquired at 30X magnifi-
cation, from several slices/mouse, from at least 2 mice. Quantifications were performed using the ‘cell counter’ function in Fiji (Im-
aged). Cells were considered positive for a given marker if a cluster of > 3 puncta surrounded the soma.

Histology and immunohistochemistry

Mice were perfused intracardially with 4% paraformaldehyde/PBS and post-fixed at 4°C overnight. For validation of GCaMP6f expres-
sion, 10 mM CaCl, was added to the perfusion solution to activate the sensor and thereby improve visualization for imaging. Coronal
sections (60 pum) were sliced using a vibratome (Leica VT1000). Samples that were not immunostained were mounted directly on slides,
with a DAPI counterstain. For immunohistochemistry, free-floating sections were incubated with primary antibody overnight in a PBS
solution containing 10% horse serum, 0.2% bovine serum albumin, 0.5% Triton X-100, at 4°C. Sections were then washed in PBS, incu-
bated with Alexa Fluor-conjugated secondary antibodies (1:500, Thermo Fisher Scientific) for 1hr at room temperature, washed in PBS,
and then mounted on slides with DAPI counterstain medium (Fluoromount-G, Thermo Fisher Scientific). Primary antibodies were: anti-
GFP to visualize GRABpaom expression (1:2000, #A10262, Thermo Fisher Scientific), and anti-c-Fos (1:5000, #2550, Cell Signaling
Technology). Slides were imaged using an automated slide scanner (Olympus VS120) or a confocal microscope (Olympus FluoView
FV1200). C-Fos images were quantified by applying equal thresholds to all images and using the ‘analyze particles’ function in ImageJ.
The location of viral expression and cannula implant tracts were examined for all mice following the completion of behavioral experi-
ments; mice with off-target expression and/or off-target implant tip location were excluded from final analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fiber photometry

Cocaine self-administration and CPP experiments

Signals were analyzed with Clampfit 10.4 (Molecular Devices) and MATLAB R2015b (MathWorks), and plotted with MATLAB. For an-
alyses of GCaMP6f and GRABpaom comparing event frequency between Baseline (Day 0) and Seeking Test (Day 24) sessions, each
animal performed only 1 trial for each of the two sessions, and signals from the entire duration of the sessions were analyzed as follows:
(i) raw signals were adjusted to have a flat baseline using Clampfit, in a manner blind to the experimental condition; (ii) the baseline-
adjusted signal was then converted to AF/F by dividing it by the mean of its raw signal; (jii) a value of 4 times the mean absolute deviation
(4*"MAD) of the Baseline (Day 0) session was used as a threshold for detecting events in both the Baseline (Day 0) and Seeking Test (Day
24) traces, with a value of 95% of 4*“MAD used to re-arm event detection. The same approach was used to analyze data from CPP
experiments comparing the habituation session with CPP Tests 1 and 2. For plots of the difference in total # of GCaMP6f or GRABpaom
thresholded events between the Seeking and Baseline sessions (Figures S3D and S5l), the total # of thresholded events in the Baseline
session was estimated by doubling the # of quantified events, to account for the fact that Baseline sessions were only 10 min long
whereas Seeking Test sessions were 20 min long. For analyses of GCaMP6f event frequency change within the same session (i.e.,
in response to cocaine infusion), events were detected as above, and the event frequency during the 2 min after cocaine infusion
was compared to the event frequency during the 2 min preceding cocaine infusion. Analyses of axon-GCaMP6s signals were
performed in a similar manner to GCaMP6f analyses, but AF/F values were obtained by normalizing the green emission signal
(axon-GCaMP8s, Ca®*-dependent) to the simultaneously-acquired red emission signal (mRuby3, Ca*-independent), which served
to minimize the impact of motion artifacts. Analysis of axon-GCaMP6s signals was performed by normalizing the data for each group
to Day 0, in order to account for any initial differences in event frequency between VP DRD3™ terminals in the LHb versus the VTA.
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GRABpaom responses to cocaine infusion, as well as GCaMP6f and GRABpaom, Nose poke-related events during the Seeking Test
(Day 24), were analyzed by focusing on signal epochs time-locked to nose pokes, using custom MATLAB scripts. Nose poke and
infusion time stamps recorded by MED-PC were used to extract epochs (i.e., nose poke-related events) from the AF/F photometry
signal. For GRABpaom responses to cocaine infusion, 1-2 trials were performed for each mouse; Area Under the Curve (AUC, 0-50sec
relative to nose poke time stamp), time to peak, and half-life were determined for each trial, averaged across trials for each mouse,
and then analyzed by group, with 1 data point representing each mouse. For nose poke-related events extracted from the Seeking
Test, AUC (—1 to +3 s relative to nose poke time stamp) of GCaMP6f or GRABpaom, Signals was determined for all inactive nose pokes,
but only for active nose pokes preceded by a period of > 30 s without active nose pokes, in order to avoid ambiguity in the baseline
signal leading up to an active nose poke. For the GCaMP6f seeking nose poke-related analyses (Figures S3B, S3C, and S7TK-S7M),
AUC values were averaged for each mouse and then analyzed by group, with 1 data point representing each mouse. For the
GRABpaom seeking nose poke-related analyses, AUC values were either collapsed by subject as for GCaMP6f analyses (Figures
S5B, S5C, S5F, and S5G), or pooled from all subjects (Figures S5D and S5H) and statistically analyzed using analysis of covariance
(ANCOVA) with subject ID as a covariate. Furthermore, for GRABpaom analyses, data was separated into the 15150% and the 2" 50%
of active nose pokes performed during the seeking session, in order to assess the impact of cocaine omission on DA release.
GRABp, photometry with optogenetic stimulation
AF/F traces were obtained by normalizing the 470 nm (DA-dependent) signal to the 405 nm (DA-independent) signal. Custom
MATLAB scripts were used to extract the stimulation and pre-stimulation epochs, and quantify AUC across trials and subjects.
AUC was quantified instead of threshold-based event frequency because the predominant change observed was a shift in the signal
baseline. Each optogenetic stimulation epoch lasted 50 s and its AUC was compared to the AUC of the 50 s epoch immediately pre-
ceding stimulation. AUC values were either collapsed by subject as for GCaMP6f analyses (Figures S7D and S7E), or pooled from all
subjects (Figures 5C and 5H) and statistically analyzed using ANCOVA with subject ID as a covariate.

Inputs to VP DRD3* neurons

Sample fixation and slides were processed as described above in the histology section. Coronal sections were quantified at 120 um
intervals, approximately between AP +2.96 and —4.24 mm (Franklin and Paxinos, 2008). GFP-expressing inputs were counted using
the ‘cell counter’ function in Fiji (ImageJ), and data were calculated as a percentage of the total number of GFP-expressing cells
observed brain-wide. Inputs located around the VP injection site were not included in the total number of inputs. Anatomical regions
that accounted for < 1% of total inputs were not presented in the graph.

VP DRD3" axonal projections collateralization

Sample fixation and slides were processed as described above in the histology section. Coronal sections were quantified at ~120 pm
intervals using Imaged by applying equal thresholds to allimages and measuring the thresholded area contained ina 250 x 250 pixel zone
for each target. In this manner, the density of EGFP-expressing fibers could be assessed for each major VP DRD3* anatomical target.
Data were presented as a percentage of the thresholded area observed in the LHb or VTA (i.e., the site of RG-EIAV-DIO-FIp injection).

Statistics

Statistical details are located in the figure legends and Table S2. Statistical analyses were performed with GraphPad Prism 6 or
MATLAB R2015b. Final samples sizes were estimated using power analysis for a subset of behavioral experiments. Comparisons
between two groups with normally distributed data were made using the two-tailed, unpaired Student’s t test. To compare two
groups with non-normal distributions or in cases where sample size was too small to determine normality, the Mann-Whitney test
was used for unpaired data, and the Wilcoxon signed-rank test was used for paired data. The D’Agostino-Pearson test or the Sha-
piro-Wilk test were used to assess distribution normality. Analysis of covariance (ANCOVA) was performed for a subset of fiber
photometry analyses in which events or trials were pooled from all subjects in order to increase statistical power; the ‘separate lines’
model of the ‘aoctool’ function in MATLAB was used, with subject ID (mouse identity) as a covariate. Differences across more than
two groups were analyzed with either: (1) a one-way analysis of variance (ANOVA) for data with normal distribution and one indepen-
dent variable; (2) the Kruskal-Wallis test for data with non-normal distribution and one independent variable; (3) a two-way ANOVA for
data with two independent variables; or (4) a two-way repeated-measures (RM) ANOVA for data with two independent variables and
multiple measurements from the same subject. ANOVAs were followed by post hoc tests with multiple comparisons correction, as
indicated in the figure legends. Statistical outliers were identified using the ROUT test (Motulsky and Brown, 2006) and removed from
analyses. All data are presented as mean + standard error of the mean (SEM).
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