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Dopamine (DA) release in striatal circuits, including the nucleus accumbens
medial shell (ImNAcSh), tracks separable features of reward like motivation
and reinforcement. However, the cellular and circuit mechanisms by which
DAreceptors transform DArelease into distinct constructs of reward

remain unclear. Here we show that DA D3 receptor (D3R) signaling in the
mNAcSh drives motivated behavior in mice by regulating local microcircuits.
Furthermore, D3Rs coexpress with DA D1 receptors, which regulate
reinforcement, but not motivation. Paralleling dissociable rolesin reward
function, we report nonoverlapping physiological actions of D3R and DA D1
receptor signaling in mNAcSh neurons. Our results establish afundamental
framework wherein DA signaling within the same nucleus accumbens cell type
is physiologically compartmentalized via actions on distinct DA receptors.
Thisstructural and functional organization provides neuronsin alimbic circuit
with the unique ability to orchestrate dissociable aspects of reward-related
behaviorsrelevant to the etiology of neuropsychiatric disorders.

DA transmissionis essential for reward processes, including motiva-
tion and reinforcement. Motivationis theinternal process activating
and directing behavior, while reinforcementincreases the likelihood
of abehavior through stimulus-response and action-outcome asso-
ciations'. These separable constructs are coordinated to maximize
reward outcomes’, and are implicated in neuropsychiatric disorders
like substance use and mood disorders>*. The mNAcSh serves as
akey hub for reward-related behaviors, receiving DAergic inputs
from the ventral tegmental area (VTA)*. Various models propose

that DA regulates reward via tonic and phasic activity patterns gov-
erned by VTA DA neuron spiking and local axonal control of DAergic
terminals®*®. These dynamics likely underlie reinforcement, motiva-
tion and vigor”®. However, how DA release translates into cellular
changes through DA receptors to drive distinct aspects of reward
function remains unclear.

mNAcSh medium spiny neurons (MSNs) express high levels of
DAreceptors, including D1receptors (D1Rs) and D2 receptors (D2Rs),
which segregate into largely nonoverlapping classes, D1-MSNs and
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D2-MSNs, respectively’. DA-mediated activation of these receptors pro-
duces contrasting effects on D1-MSNs and D2-MSNs'*2, The mNAcSh
isalso enriched with D3Rs, Ga,-coupled G-protein-coupled receptors
(GPCRs) of the D2-like receptor family>™*. Expression of D3Rs within
ventral striatal circuits coincides with a motivational control by the
mNAcSh*. D3R s a high-affinity DA receptor witha tenfold greater DA
affinity than D2Rs", suggesting it may complement D2Rs in detection
of tonic changes or DA dips. Although ventral striatal D3R expres-
sion is documented®, its role in regulating reward-related behaviors
remains poorly understood. Pharmacological antagonism of NAc D3R
signaling inhibits drug-seeking behavior'®. However, intra-NAc D3R
antagonism may have off-target effects at D2Rs. Global overexpression
or knockout of D3Rs increases vulnerability to cocaine or disrupted
motivation, respectively”'®. However, this does not specifically target
mNAcSh D3R function, and D3R signaling outside the NAc also regu-
lates reward'*°. Thus, limited tools to selectively manipulate mNAcSh
D3R function hindered understanding of their contribution to distinct
reward features. Interestingly, NAc core/shell D1-MSNs coexpress
D3R with DIR***, Because D3Rs and D1Rs have different affinities for
DA and engage opposite signaling effectors (Ga,, and Go s proteins,
respectively), these differences may translate into differential detec-
tion of DA concentrations, impacting on D1-MSN physiology, and
reward-seeking behavior. We, therefore, hypothesized that D1-MSNs
inthe mNAcShuse distinct DAreceptors for orchestrating dissociable
reward-related functions.

We addressed this hypothesis using anatomical tracing, slice elec-
trophysiology and circuit-level manipulations of DA receptor function.
We generated and characterized a new D3R conditional knockout
(cKO) mouse to specifically target mNAcSh D3Rs. Leveraging thisline,
we show that mNAcSh D3R ablation impairs motivated running and
operant motivation but not instrumental conditioning or negative
reinforcement. In contrast, DIR knockout impairs instrumental con-
ditioning and negative reinforcement, but not motivation. Moreover,
we demonstrated dissociableroles for D3R and DIR in regulating MSN
synaptic physiology. This provides a new framework by which DA

signaling via D3R and DIR allows mNAcSh D1-MSNs to regulate dis-
sociable constructs underlying reward-related behaviors.

Results

mNAcSh D3R genetic ablation results in motivational deficits
We firstinvestigated whether mNAcSh D3R signaling regulates specific
sub-features of reward-related behaviors. To this end, we generated
Drd3" mice (Extended DataFig. 1a) to selectively knockout D3R expres-
sioninthe mNAcShwithintra-mNAcShinjections of adeno-associated
virus AAV8-hSyn-GFP-Cre (NAc-D3RcKO; Fig.1a). NAc-D3RcKO mice had
decreased Drd3 mRNA expression as assessed by fluorescence in situ
hybridization (Fig. 1b). Furthermore, we observed decreased Drd3,
but not Drd1 or Drd2, mRNA expression as assessed by quantitative
PCR (qPCR) measures from microdissected NAc (Fig. 1c), suggesting
this manipulation is specific to D3R expression. We then assessed the
impact of mNAcSh D3RcKO in regulating reward by first examining
motivation for exercise using wheel running (Extended DataFig.1b), a
rewarding stimulus for laboratory and feral rodents?*. In this context,
wild-type (WT) and Drd3"" control mice injected with Cre-expressing
and GFP-expressing virus, respectively, displayed robust wheel-running
activity when exposed toanovel wheel during their inactive cycle (lights
on; Fig. 1d), when locomotor activity is typically low. NAc-D3RcKO
mice, conversely, had reduced wheel-running activity under the same
conditions (Fig. 1d and Extended Data Fig. 1c). However, running trig-
gered by active cycle (lights off) onset (Extended DataFig. 1c) and loco-
motor activity in an open field did not differ between controls and
NAc-D3RcKO mice (Extended Data Fig. If). Intact locomotor activity
and runningin response to diurnal shifts suggest that mMNAcSh D3RcKO
impacts the motivational value of running, not performance. Running
triggered by novel wheel exposure during the subjective daytime in
rodents contains astrong motivational component*. Further, running
behavioris more sensitive to interference during acquisition of wheel
running before habituation®. With extended exposure to voluntary
running, running canbe decoupled from motivational state and driven
by other factors, including but not limited to habitual behavior, diurnal

Fig.1|cKO of D3Rs in the mNAcSh results in motivational deficits.

a, Experimental scheme and representative image of the mNAcSh area targeted
with AAV-GFP-Cre or AAV-eGFP. b, Representative in situ hybridization images
showing Cre (green) and Drd3 (white) mRNA expression in WT or NAc-D3RcKO
mice. Insets depict higher-magnification images. ¢, Left: quantification of Drd3
mRNA expressionin Cre-positive neuronsin the mNAcSh of WT (n = 3) and
NAc-D3RcKO (n = 3) mice (unpaired ¢-test (two-tailed), ¢4, = 7.421; **P= 0.0018).
Right: quantitative real-time PCR analysis of Drd1, Drd2 and Drd3 mRNA
expression inthe NAc of WT (white, n=3) and NAc-D3RcKO (blue, n = 4) mice
injected with Cre-expressing virus (two-way repeated-measures analysis

of variance (ANOVA): gene effect, F(, 4 = 4.291, P= 0.0491; genotype effect,
Fu6)=8.948, P=0.0243; gene x genotype, F, . = 22.67, P= 0.0016; Sidak’s post
hocanalysis, **P=0.0012). d, Left: time-course of wheel-running activity in WT-
Cre (black, n=11), Drd3""-GFP (red, n = 7) and NAc-D3RcKO (blue, n = 12) mice
during the first12 h of running wheel exposure (two-way repeated-measures
ANOVA: time effect, F(;449,011 = 20.81, P< 0.0001; treatment effect, F, ,,=12.97,
P<0.0001; time x treatment, F g, 3 561 = 2.954, P < 0.0001). Right: quantification
of revolutions across the 12-h period (one-way ANOVA followed by two-sided
Dunnett’s test: F, ,;,=12.97. Group comparisons, WT-Cre versus Drd3™"-Cre,
%P < 0,0001, Drd3™-GFP versus Drd3"-Cre, ***P < 0.0001). e, Representative
occupancy heat maps from WT (top) and NAc-D3RcKO (bottom) mice during
running disks choice test. f, Left: quantification of time spent on the freely
moving and fixed disk (WT-Cre, n =11 mice; Drd3""-GFP, n = 6 mice; NAc-D3RcKO,
n=12mice; two-way repeated-measures ANOVA: disk effect, F 5, = 81.22,
P<0.0001; treatment effect, F, 5;,=14.65, P < 0.0001; disk x treatment,
Fp,50=28.59,P<0.0001). Middle: revolutions registered on the freely moving
disk for WT, Drd3""-GFP controls and NAc-D3RcKO mice (one-way ANOVA
followed by two-sided Dunnett’s test: F, ,;, = 12.97. Group comparisons, WT-Cre
versus Drd3™-Cre, ***P < 0.0001, Drd3™™GFP versus Drd3""-Cre, ****P < 0.0001).
Right: Spearman’s correlation between time spent on the freely moving disk and

revolutions. g, Timeline of operant conditioning experiment. h, Number
ofactive (filled) and inactive (unfilled) lever presses of WT (black, n = 15 mice)
and NAc-D3RcKO (blue, n =11 mice) animals during FR1 acquisition sessions
(two-way repeated-measures ANOVA: session effect, F s 79,5609 = 38.81,
P<0.0001; genotype effect, F; 5, = 0.5573, P=0.4626; session x genotype,
Fsu7=1.334,P=0.2546).i, Number of active and inactive lever presses of

WT (black, n =15 mice) and NAc-D3RcKO (blue, n =11 mice) animals during

FRS5 acquisition sessions (two-way repeated-measures ANOVA: session

effect, Fiy 0689705 = 2.321, P= 0.0611; genotype effect, F; 5, = 2.228, P=0.1486;
session x genotype, F;,¢; = 2.360, P=0.252). *represents a session x genotype
interaction. j, Left: scheme of the FRS choice behavioral setup. Mice had free
access to standard lab chow and could also lever press (FRS5) to obtain higher-
palatable chocolate food pellets. Right: amount of effort-based food (FRS; solid)
or freely available lab chow (checkered) consumed (WT, n = 11 mice; NAc-D3RcKO,
n=11mice) (two-way repeated-measures ANOVA: type of food effect, F 5, =17.97,
P=0.0003; genotype effect, F, ,, = 0.2095, P= 0.6513; type of food x genotype,
Fu.4 = 6.883, P=0.0149). ** represents a significant difference between ad
libitum chow and FRS pellets in WT mice. * represents a significant difference
between ad libitum chow between WT and mNAcSh-D3RcKO mice. k,I, Break
points for WT and NAc-D3RcKO mice during PR3 (k) (two-way repeated-measures
ANOVA: session effect, F; 436 3230) = 3.507, P= 0.0559; genotype effect, F; 54, = 5.679,
P=0.0254;session x genotype, F, 45,= 0.4779, P= 0.6232) and PR7 (I) (two-way
repeated-measures ANOVA: session effect, F g33.4399) = 1.672, P=0.2014; genotype
effect, F;,4,=12.61, P=0.0016; session x genotype, F; ., =1.920, P= 0.1341)
sessions (WT, n =11 mice; NAc-D3RcKO, n =11 mice). *and **ink and I represent
amain effect of genotype. All data are presented as the mean + s.e.m. Error bars
indicate the s.e.m. Detailed figure statistics are included in Supplementary Table
1. Schematics were generated using BioRender.com. M, medial; V, ventral; a.u.,
arbitrary units; NS, not significant.
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shifts, internal states, arousal and/or non-photic circadian entrain-
ment”. Accordingly, NAc inactivation does not impair habitual run-
ning but inhibits motivated running triggered by wheel deprivation®.
Thus, initial motivation to engage in wheel running, but not locomotor
activity or running performance, is decreased in NAc-D3RcKO mice.
Toinvestigate whether mNAcSh D3RcKO impaired motivation to
run, we designed a choice task wherein mice choose between a fixed
orafreely moving disk, a distinct running apparatus, during the active
cycle (Fig. 1e). WT-Cre and Drd3""-GFP control mice spent more time
on the freely moving disk than the fixed disk (Fig. 1e,f). Conversely,
NAc-D3RcKO mice did not prefer the freely moving disk and displayed
minimal running (Fig. 1e,f). Running disks require persistence for

optimal running to develop since early attempts are marked by mice
consistently falling off the disk. In control mice, but not NAc-D3RcKO
mice, entriesinto and preference for the freely moving disk increased
across the session (Extended DataFig.1d,e), consistent withincreased
persistence. These data provide supportfor NAc-D3RcKO in decreasing
motivated running behavior,independent of diurnal cycle. We subse-
quently determined whether mNAcSh D3RcKO impacts approach to
other rewarding stimuli. NAc-D3RcKO mice displayed a non-significant
decrease in sucrose preference relative to controls (Extended Data
Fig.1g),and normalsocial approach (Extended DataFig. 1h), suggesting
that pursuit of low-effort rewardsis unaffected. Anxiety-like behavior
in the open field and light-dark box (Extended Data Fig. 1f,i), as well
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as novel object recognition (Extended Data Fig. 1j), was not different
between controls and NAc-D3RcKO mice, demonstrating that explora-
tory behavior or interaction with novel stimuli are not impacted by
mNAcSh D3RcKO. These results collectively suggest that mNAcSh
D3RcKO disrupts running behavior associated with a motivated state.

We subsequently determined the role of mNAcSh D3Rs in
effort-based instrumental motivation using operant procedures in
which animals press a lever to acquire a chocolate reward (Fig. 1g).
mNAcSh Drd3 cKO did not modify body weight (Extended Data Fig. 2a).
Animals first underwent an initial acquisition phase consisting of
fixed-ratio (FR) 1and 5 schedules to determine whether loss of mMNAcSh
D3R signaling impacted reinforcement of food-seeking behavior.
NAc-D3RcKO and WT groups displayed similar active lever pressing
and accuracy during FR1sessions (Fig. 1hand Extended Data Fig. 2b,c),
indicating that mNAcSh D3R signaling is not essential for reward
reinforcement. Interestingly, NAc-D3RcKO mice transiently displayed
less responses when the effort required to obtain reward increased
toanFR5schedule (Fig. 1i), suggesting a deficit in adapting to higher
effort. We further assessed whether mNAcSh D3RcKO compromises
motivationin an effort-based choice task where WT controls preferred
towork for chocolate reward under an FR5 schedule over consuming
freely available standard chow? (Fig. 1j). In contrast, NAc-D3RcKO
mice consumed more standard chow than controls and did not showa
chocolate reward preference (Fig. 1j). Importantly, overall food intake
was similar across groups (Extended Data Fig. 2d), suggesting that
decreased effort-based motivation is not a consequence of altered
energy homeostatic drive. The same effect was observed when given
achoicebetweenoperant-obtained chocolate reward and freely avail-
able chocolate reward (Extended Data Fig. 2e,f). Thus, control mice
prefer to exert effort versus obtaining freely available reward and
loss of mMNAcSh D3Rs biases choice toward reward-seeking behaviors
requiring less effort. This is consistent with reports demonstrating
that decreasing NAc DA signaling increases intake of low-effort food
rewards and decrease effort-based or activity-based reward seek-
ing, without impacting overall food intake®®. Subsequently, mice
were subjected to progressive ratio (PR) schedules to further dissect
the role of mMNAcSh D3RcKO in regulating motivation. NAc-D3RcKO
mice had decreased break points relative to WT controls in both PR3

(Fig.1k) and PR7 (Fig. 11) schedules, and decreased PR session lengths
(Extended Data Fig. 2g,h). Collectively, these data demonstrate that
motivated running and effort to obtain appetitive reward is disrupted
with mNAcSh D3RcKO.

mNAcSh D3Rs are primarily expressed in D1-MSNs

The NAc is primarily composed of dichotomous cell types defined
by DA receptor subtype (D1R-expressing and D2R-expressing MSNs),
in addition to markers such as prodynorphin and proenkephalin’.
To examine the NAc cell type expressing D3Rs, we performed fluo-
rescence in situ hybridization experiments for Drd1, Drd2 and Drd3
mRNA. Drd3 mRNA, along with Drd1 and Drd2, was widely expressed
in the NAc (Fig. 2a). Most mNAcSh Drd3-positive cells coexpressed
Drd1 (79.07%), with 20.51% coexpressing Drd2 (Fig. 2b,c). Further,
86.69% and 13.26% of mNAcSh Drdi-positive and Drd2-positive neu-
rons coexpressed Drd3, respectively (Fig. 2d), consistent with Drd3
expressionrepresenting asubstantial subpopulation of DI-MSNs. These
percentages were lower inthe NAc core, where 68.8% of Drd3-positive
cells coexpressed DrdI (Extended Data Fig. 3a). Moreover, Drd3mRNA
expressionin D1-MSNs was 15% higher thanin D2-MSNs (Fig. 2e). Drd3
mRNA intensity was similar between Drd1-positive and Drd2-positive
neuronsinthe NAc core and mNAcSh (Extended Data Fig. 3a). Moreo-
ver, Drd3-Cre mice crossed with tdTomato reporter had robust tdTo-
mato labeling in the mNAcSh, islands of Calleja and medial core,
but not dorsal striatum or NAc lateral shell (Extended Data Fig. 3b).
Evidence of preferential expression of Drd3in mNAcSh D1-MSNs was
also obtained when we recorded ChR2-mediated photocurrents in
slices obtained from Drdi-tdtomato/Drd3-Cre mice injected with
AAV-DIO-ChR2-eYFP (Fig. 2f). Consistent with in situ hybridization
results, 77% of ChR2-positive neurons were tdTomato positive (Fig. 2f).
Drd3is, therefore, expressed in mNAcSh D1-MSNs and less robustly in
D2-MSNs, suggesting that DA generates divergent functions via distinct
receptor subtypes in D1-MSNs.

NAc MSNs select appropriate goal-directed behaviors through
connectivity with downstream brain regions. NAc D1-MSNs project
to the ventral pallidum (VP), lateral hypothalamus (LH) and VTA,
while NAc D2-MSNs projections are largely restricted to the VP>,
We mapped Drd3-positive MSN projections using viral-assisted

Fig.2| mNAcSh D3Rs are primarily expressed in D1-MSNs and D3-MSNs display
D1-MSN projection pattern. a, Representative low-magnification confocal
image of RNAin situ hybridization for DrdI (green), Drd2 (red) and Drd3 (white)
transcripts in the NAc. Orange inset shows the region targeted for zoomed
images inb. b, Split high-magnification images of Drd1/Drd3, Drd2/Drd3 and
Drd3RNA expression in the mNAcSh. Rightimage is an overlay of all channels.
Filled arrowheads show co-labeled cells, and empty arrowheads show single-
labeled cells. ¢, Percentage of Drd3" cells coexpressing Drd1 or Drd2RNA in

the mNAcSh of WT mice (n =3 mice; unpaired t-test (two-tailed), t,, =127.3;
***+p<(0.0001).d, Percentage of DrdI" or Drd2" cells coexpressing Drd3 mRNA in
the mNAcSh (n =3 mice; unpaired t-test (two-tailed), ¢4, = 33.52; ***P < 0.0001).
e, Mean relative expression levels of Drd3 mRNA (mean integrated density/area)
relative to D1-MSNs in Drd3 mRNA-positive D2-MSNs (n = 3 mice; unpaired ¢-test
(two-tailed), £, =3.598; *P=0.0228).f, Schematic for quantification of Drd3"
cellsusing electrophysiological recordings. Representative trace showing light-
evoked ChR2-mediated inward currentin a ChR2-EYFP* NAc MSN evoked by 1-s
stimulation with 470-nm blue light. Pie chart shows quantification of tdTomato-
positive (D1-MSNs) versus tdTomato-negative (putative D2-MSNs) in recorded
ChR2-positive cells. g, Left: Cre-dependent AAV-Syn-FLEX-tdTomato-T2A-
Synaptophysin-GFP was injected in the mNAcSh of Drd3-Cre mice to visualize
fibers (red) and synaptic terminals (green) in the outputs from D3-MSNs. Right:
Representative images showing a high density of NAc D3-MSN synaptic terminals
inthe VP, LH and VTA. Dashed and solid white lines in fluorescent images

depict borders between brain nuclei. h, Schematics of the electrophysiology
experiment to assess functional connectivity from NAc D3-MSNs. A Cre-
dependent AAV vector expressing ChR2-eYFP was injected in the mNAcSh of
Drd3-Cre mice. Acute slices containing the VP, LH or VTA were prepared from

brains of Drd3-Cre mice 2-3 weeks after viral injection. Right: representative
traces showing oIPSCsin VP, LH and VTA cells. Red trace denotes bath application
of picrotoxin (PTX). i, Same as in hbut for mNAcSh to LH projections. j, Same as
inhbut for mNAcSh to VTA projections. k, Mean olPSC amplitudes evoked by
light stimulation of NAc D3-MSN terminals versus connectivity of D3-MSNs to VP,
LH and VTA neurons. olPSCs were detected in the majority of neurons recorded
(VP, n=110f12 neurons/7 mice; LH, n =12 of 14 neurons/8 mice; VTA, n =11 0of 14
neurons/9 mice; one-way ANOVA followed by two-sided Tukey’s test: F, 5, = 1.993.
Group comparisons, VP versus LH, P=0.0025, VP versus VTA, P=0.013, LH
versus VTA, P=0.937).1, Left: schematic of the retrograde tracing approach to
compare NAc Drd3-expressing projection MSNs. Red retrobeads were injected
intothe VP, LH or VTA of WT mice. NAc sections were probed for Drd3 mRNA
using in situ hybridization. Right: representative confocal images showing
retrobead labeling from VP-projecting, LH-projecting or VTA-projecting NAc
MSNs. High-magnificationimages showing red-labeled retrobeads in the NAc
colocalized with Drd3 mRNA indicated by filled arrowheads. m, Quantification
of the percentage of retrobead-positive cells projecting to VP (n = Smice), LH
(n=3mice) or VTA (n =3 mice) that express Drd3in the NAc (one-way ANOVA
followed by two-sided Tukey’s test: F, 5) = 17.69. Group comparisons, VP versus
LH, **P=0.0078, VP versus VTA, **P=0.0015, LH versus VTA, P= 0.4929).n, Mean
expression levels of Drd3mRNA (mean integrated density/area) in neurons
projecting to VP (n=5mice), LH (n =3 mice) or VTA (n =3 mice; one-way ANOVA
followed by two-sided Tukey’s test: F, 5, = 14.83. Group comparisons, VP versus
LH,**P=0.0025, VP versus VTA,*P=0.013, LH versus VTA, P= 0.5325). All data
are presented as mean + s.e.m. Error bars indicate the s.e.m. Schematics were
generated using BioRender.com. SNc, substantia nigra pars compacta; SNr,
substantia nigrareticulata; BL, baseline.
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anterograde tracing. Intra-mNAcShinjection of AAV-FLEX-tdTomato-
T2A-synaptophysin-eGFP in Drd3-Cre mice (Fig. 2g) labeled putative
presynaptic terminals with synaptophysin-eGFP, distinct from bundles
of tdTomato-positive fibers lacking eGFP (Supplementary Video 1).
Consistent with D3R expressionin D1-MSNs, GFP fluorescence revealed
denseinnervation within the mNAcSh, VP, LH and VTA (Fig. 2g). Quan-
tification of tdTomato fluorescence showed that fibers of passage
were most prominentin more anterior regions (thatis, VP), in contrast
to putative terminals in the LH or VTA (Extended Data Fig. 3c). Thus,
Drd3-expressing MSNs project downstream to the VP,LHand VTA and
formdiscrete synaptic contacts. We next used ChR2-assisted mapping
toassess the functional connectivity between mNAcSh Drd3-expressing
MSNs and output regions. Slice electrophysiology recordings from
Drd3-Cre mice injected with Cre-dependent ChR2 showed picrotoxin
(PTX)-sensitive, optogenetically evoked inhibitory postsynaptic cur-
rents (oIPSCs) in VP, LH and VTA neurons (Fig. 2h-k), indicating syn-
aptic transmission mediated by GABA, receptors (Fig. 2h-j). These
findings demonstrate mNAcSh D3-MSNs may regulate limbic circuits
by sending inhibitory outputs to the VP, LH and VTA.

Distinct NAc D1-MSNs project to the VP, LH, and VTA*~*% Impor-
tantly, D1-MSN outputs constitute largely nonoverlapping NAc MSN
populations with limited collateralization that exhibit differential
plasticity inresponse to behavioral experiences***, However, collater-
alization of MSN outputs may be underestimated given various techni-
callimitations, including inefficient retrograde labeling (for example,
limited viral tropism) and incomplete coverage of output regions
withtracers. To determine the proportion of Drd3-expressing MSNs
projecting to each output, we performed retrograde tracing experi-
mentsin combination with insitu hybridization (Fig. 2l and Extended
DataFig.3d). We found anatomical segregation between distinct NAc
MSN-projecting neurons, as reported®°~2, VP-projecting MSNs were
present in both the NAc core and mNAcSh (Fig. 2I), LH-projecting
MSNs were mainly in the mNAcSh (Fig. 2I) and VTA-projecting MSNs
were in both the NAc core and mNAcSh (Fig. 21). The proportion
of Drd3-expressing MSNs projecting to the LH and VTA was higher
than VP projectors (Fig. 2m). Further, Drd3 mRNA expression was
lower in VP-projecting MSNs, consistent with reduced expression
in D2-MSNs (Fig. 2n). Thisillustration of how Drd3-expressing MSNs
connectwithinthe NAcandtothe VP,LHand VTAled usto determine
whether the role of mMNAcSh D3Rs in regulating motivation varies by
MSN projection.

Projection-independent mNAcSh D3R control of motivation
mNAcSh MSN projections to VP, LH and VTA control reward-related
behaviors**, We thus hypothesized that D3R signaling in different
MSN projections could differentially modulate motivated behav-
ior. We tested this hypothesis by performing an intersectional cKO
of mNAcSh Drd3 expression in MSNs targeting the VP, LH or VTA.
Drd3"" mice or WT control mice were injected with CAV-FIp-GFP in
VP, LH or VTA to express Flp recombinase in distinct mNAcSh MSN
projection neurons (Fig. 3a,b). We then injected AAV-fDIO-Cre and
AAV-FLEX-tdTomato (injection site confirmation) inthe NAc to express
Crerecombinase in VP-, LH- or VTA-projecting NAc neurons infected
with retrograde expressing Flp, consequentially knocking out D3Rsin
apathway-specific manner (Extended DataFig. 4a-c). Mice were tested
formotivationinrunning and operant tasks. Selective deletion of D3Rs
from MSNs projecting to the VP, LH or VTA decreased motivation torun
in wheel running (Fig. 3c-e) and disk choice (Fig. 3f~h) tasks. D3RcKO
in VP-projecting, LH-projecting or VTA-projecting MSNs diminished
wheel-running activity upon first exposure during the light, inactive
cycle (Fig.3c-e), but notinresponse to diurnal shift to the dark, active
cycle (Extended Data Fig. 5a). The only exception were mice lacking
D3R expression from VTA-projecting mNAcSh MSNs, which displayed
decreased dark cycle-initiated running (Extended Data Fig. 5a). We
addressed if our CAV approach was toxic to highly vulnerable DA neu-
rons of the VTA by injecting CAV-FIpO-GFP in the VTA of Drd3"" and
performing tyrosine hydroxylase (TH) immunohistochemistry inboth
injected and uninjected sides (Extended Data Fig. 4d). CAV-Flp-GFP did
not change the number of TH-positive cells and TH levels (Extended
DataFig.4e,f). D3Ris essential for promoting motivated running behav-
iorirrespective of projection target and/orisrequiredin limited MSNs
that collateralize multiple outputs.

We then assessed the effect of pathway-specific D3RcKO from
VP-projecting, LH-projecting or VTA-projecting mNAcSh MSNs in
operant procedures. Drd3"" mice did not show changes in body
weights (Extended Data Fig. 5b) or acquisition of responding on an
FR1schedule (Fig. 3i and Extended Data Fig. 5c,d) relative to WT con-
trols in all pathways. Interestingly, mice with selective cKO of Drd3
from VTA-projecting mNAcSh neurons had increased lever press-
ing under FRS schedules (Extended Data Fig. 5e). This may reflect
(1) enhanced reward seeking, (2) decreased reward value and com-
pensatory increases in reward seeking and/or (3) differential hun-
ger/satiety. During choice tests between freely available chow versus

Fig. 3| NAc D3Ris essential for motivated behavior independent of projection
neuron. a, Diagram of viralinjections for pathway-specific deletion of NAc
Drd3fromdistinct MSN projections. Flp-dependent Cre and Cre-dependent
tdTomato were injected bilaterally in the NAc of WT or Drd3"", and CAV-Flp-GFP
wasinjectedinthe VP, LH or VTA to selectively knockdown Drd3 expressionin
VP-projecting, LH-projecting or VTA-projecting NAc MSNs. b, Left: scheme
showing fDIO-dependent Cre expression and recombination resulting in excision
of exon1ofthe Drd3gene between flanking loxP sites. Right: representative
images of GFP and tdTomato expression in mNAcSh MSNs. Note that AAV-fDIO-
Cre did not cause recombination in Ail4-tdTomato reporter mice injected in the
mNAcSh (Extended Data Fig. 4b). Dashed and solid white lines in fluorescent
images depict borders between brain nuclei. c-e, Time-course of revolutions

of wheel-running activity during the first 12 h of running wheel exposure in

WT or Drd3"" mice with pathway-specific deletion in the VP (c; unpaired t-test
(two-tailed), t0, = 3.261;**P=0.0086), LH (d; unpaired ¢-test (two-tailed),
to)=2.388;*P=0.0407) and VTA (e; unpaired t-test (two-tailed), ¢, =2.819;
*P=0.0155). f-h, Quantification of both time spent and wheel revolutions

onthe freely moving and fixed disk for mice with the following injections:
WT-VP (n=5mice) and Drd3""-VP (n =7 mice) (f; time spent two-way repeated-
measures ANOVA: disk effect, F, ,,, =14.35, P= 0.01; genotype effect, F, 5, = 5.528,
P=0.0281; disk x genotype, F », = 6.613, P=0.0174; revolutions unpaired

t-test (two-tailed), ¢, = 4.909; ***P = 0.0005), WT-LH (n = 5mice) and Drd3"" -

LH (n = 6 mice) (g; time spent two-way repeated-measures ANOVA: disk

effect, F,,4,)=48.84, P< 0.0001; genotype effect, F; 4, = 11.43, P= 0.0045;

disk x genotype, F;14=17.13, P= 0.001; revolutions unpaired ¢-test (two-tailed),
to) = 6.117;**P=0.0002) and WT-VTA (n =5 mice) and Drd3""-VTA (n =9 mice)
(h; time spent two-way repeated-measures ANOVA: disk effect, F; ,,,=10.93,
P=0.003; genotype effect, F 5, = 3.092, P= 0.0914; disk x genotype,
Fi24=7.790, P=0.0101; revolutions unpaired ¢t-test (two-tailed), 5, = 3.825;
**P=0.0024).**infrepresents adifference between time spent on the freely-
moving and fixed disk in WT mice. ***in g represents a difference between
time spent on the freely-moving and fixed disk in WT mice. i, Number of active
andinactive lever presses of WT (black, n = 12 mice), Drd3""-VP (orange,
n=7mice), Drd3""-LH (pink, n = 6 mice) and Drd3""-VTA (purple, n = 7 mice)
animals during FR1sessions (two-way repeated-measures ANOVA: session
effect, F3340,8284 = 57.05, P < 0.0001; genotype effect, F5 5, = 0.3733, P= 0.7729;
session x genotype, Fs ) = 1.452, P=0.1341). j, Amount of freely available food
consumed in the FR5 choice task (WT, n =10 mice; Drd3""-VP, n = 7 mice;
Drd3""-LH, n= 6 mice; Drd3""-VTA, n =7 mice; one-way ANOVA followed by two-
sided Dunnett’s test: F 5 ,5 = 5.602. Group comparisons, WT versus Drd3""-vP,
P=0.0572, WT versus Drd3""-LH, *P=0.0219, WT versus Drd3""-VTA,
*P=0.0031). Kk, Break points for WT and Drd3"" mice during PR7 sessions

(WT, n =13 mice; Drd3""-VP, n = 7 mice; Drd3""-LH, n = 7 mice; Drd3"" -VTA,
n=8mice; one-way ANOVA followed by two-sided Dunnett’s test: F 5 5;, = 5.322.
Group comparisons, WT versus Drd3"1-VP, *P=0.0131, WT versus Drd3""-LH,
“P=0.0043, WT versus Drd3""-VTA, P= 0.2061). All data are presented as
mean ts.e.m. Error bars indicate the s.e.m.
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operant-derived chocolate, selective D3RcKO from VP-projecting,
LH-projecting or VTA-projecting MSNs increased freely available chow
intake (Fig. 3j and Extended Data Fig. 5f). This effect was also present
during choice testing involving operant-derived and freely available
chocolate (Extended Data Fig. 5g,h), indicating that Drd3 cKO from
either pathway biased consummatory behavior toward low-effort
rewards. mNAcSh D3RcKO from VP-projecting and LH-projecting
MSNs resulted in deficits in motivation as shown by decreased break-
ing pointsin PR7 (Fig. 3k), but not PR3 (Extended Data Fig. 5i), withno
significant effect in mice lacking D3Rs in VTA-projecting MSNs. This
demonstrates that pathway-specific cKO of D3Rs in LH-projecting
and VP-projecting neurons suppresses running and operant-based
motivated behavior, but notinstrumental reinforcement. In contrast,
D3RcKO from NActo VTAneuronsimpacted running behavior and had
mixed effects in operant settings.

D3Rregulates local mNAcSh collaterals and VP outputs

G,-coupled GPCRs, like D3Rs, regulate circuit function by inhibit-
ing neurotransmitter release from axon terminals®. Local collater-
als arising from NAc MSNs constitute a large portion of inhibitory
synapses onto MSNs, which are regulated by G;,-coupled GPCRs
and are implicated in controlling striatal circuit recruitment during
reward-related behaviors®**’. We determined the functional effects
of D3R signaling on inhibitory synaptic transmission from MSN
collaterals to neighboring MSNs. Drdi-tdTomato/Drd3-Cre mice
were injected with a virus expressing ChR2-eYFP in Cre-expressing
neurons (Cre-ON; AAV-DIO-ChR2-eYFP) or Cre-negative neurons
(Cre-OFF; AAV-DO-ChR2-eYFP), to selectively evoke GABA release
from Drd3-positive MSNs or Drd3-negative mNAcSh cells, respectively
(Fig. 4a,b). Baseline olPSC amplitudes evoked from Drd3-negative
mNAcSh cells were larger than from Drd3-positive neurons (Extended
Data Fig. 6a). In ChR2-negative mNAcSh MSNs recorded from mice
expressing ChR2-eYFP in D3R-positive MSNs (Cre-ON), D3R activa-
tionwiththe D3R-selective agonist PD-128907 (1 M) decreased olPSC
amplitude (Fig. 4c). Conversely, olPSCs evoked from D3R-negative
mNAcSh cells (Cre-OFF) were insensitive to PD-128907 (Fig. 4c). These
results suggest a presynaptic site of action for depression of D3-MSN
collateral transmission by D3Rs. Inline with arole for presynaptic D3R
in the regulation of mNAcSh collaterals, the paired-pulse ratio (PPR)
increased (Fig. 4d), and the inverse square of the coefficient of varia-
tion (1/CV?) decreased (Fig. 4e) with PD-128907 in the Cre-ON group
relative to baseline. Changesin PPRand1/CV?in the Cre-ON group also
differed from the Cre-OFF group (Fig. 4d,e). These findings validate
the selectivity of PD-128907 for the D3R and selective viral-mediated
transgene expression in Drd3-expressing mNAcSh MSNs in Drd3-Cre

mice. The novel, highly selective D3R agonist ML417 (ref. 38) also inhib-
ited mMNAcSh MSN collaterals (Extended Data Fig. 6b-d). The frequency
of spontaneous inhibitory postsynaptic currents (sIPSCs), but not
amplitude, was decreased with PD-128907 application (Extended Data
Fig. 6f,g), consistent with widespread D3R expressionin D1-MSNs and
subsets of D2-MSNs. We next determined whether presynaptic D3R
signaling differentially inhibited MSN collaterals onto D1-MSNs and
D2-MSNs (Fig. 4b). Application of PD-128907 similarly inhibited oIPSCs
evoked by optogenetic stimulation of D3-MSN collaterals onto D1-MSNs
and D2-MSNs (Extended DataFig. 6h,i). Moreover, weinjected Drd3-Cre
mice in the mNAcSh with a Cre-dependent AAV expressing the cAMP
sensor, CADDis, to monitor cAMP activity in acute NAc slices (Extended
Data Fig. 6j). Using ex vivo imaging, we isolated D3R effects on cAMP
activity using the DIR antagonist SCH-39166 (Extended Data Fig. 6k).
cAMP activity was inhibited with application of DA in the presence of
SCH-39166 (Extended Data Fig. 61), with the caveat that responses may
also be mediated by DA acting in D2Rs expressed in D3R/D2R MSNs.
Collectively, these results demonstrate that presynaptic D3R inhibits
GABAergicoutputs from MSN collaterals onto D1-MSNs and D2-MSNs.

We next identified whether presynaptic D3Rs regulate GABAer-
gic synaptic transmission to VP, LH and VTA neurons. D3R activation
with PD-128907 decreased GABA release onto VP neurons that was
optogenetically evoked from Drd3-positive MSNs (Fig. 4f,g), in addi-
tion toincreasing the PPR and decreasing the 1/CV?relative to baseline
(Fig.4h,i). Conversely, GABA release from D3R-negative mNAcSh neu-
rons (Cre-OFF ChR2) onto VP neurons was not inhibited by PD-128907
(Fig. 4g). These findings demonstrate that D3Rs inhibit GABA release
from MSNs onto VP neurons via a presynaptic site of action. Interest-
ingly, D3R activation failed to decrease oIPSC amplitude in both LH
and VTA neurons (Fig. 4j-q), suggesting that MSN connections onto
LHand VTA neurons lack functional D3R. Taken together, these results
show that presynaptic D3R on mNAcSh MSNs selectively inhibits local
collaterals and GABAergic transmission to the VP, but notin the outputs
tothe LHand VTA.

Motivated behavior requires localmNAcSh D3R signaling

Our electrophysiology results demonstrate that mNAcSh collaterals
and VP, but not LH and VTA, outputs, are inhibited by D3Rs. Despite
this, mNAcSh D3Rs cKO VP-projecting, LH-projecting or VTA-projecting
neurons each produced motivational deficits. We hypothesized that
D3R signaling is acting within mNAcSh circuits to influence moti-
vated behavior. Intra-mNAcSh microinfusion of the D3R antagonist
SB-277011A% (1.8 ng per infusion site) decreased preference for,
and running on, the disk choice task (Fig. 5a-c), consistent with
intra-mNAcSh D3R signaling being essential for motivated running.

Fig. 4| D3Rsregulate GABAergic transmission from NAc collaterals and to
the VP via a presynaptic site of action. a, Diagram of virus injection of AAV-
EF1a-DIO-ChR2-eYFP (Cre-ON) and AAV-EF1a-DO-ChR2-eYFP (Cre-OFF) in the
NAc of Drd1-tdTomato/Drd3-Cre mice. ChR2-eYFP-expressing cell bodies of
D3R-positive and D3R-negative terminals in the mNAcSh and total NAc area.
Note the lack of expression in the Islands of Calleja (ICj) in mice expressing
Cre-OFF ChR2in the ventral striatum. b, olPSCs originating from D3R-positive
and D3R-negative collaterals were recorded from mNAcSh D1-MSNs or D2-MSNs.
¢,g,k,0, Time-course of olPSCs in mNAcSh MSNs (c; two-way repeated-measures
ANOVA: time effect, F(; 9995935 = 39.75, P< 0.0001; treatment effect, F; 55 = 28.21,
P<0.0001; time x treatment, F9 545 = 13.08, P<0.0001), VP cells (g; two-way
repeated-measures ANOVA: time effect, F o) 3441 = 11.18, P=0.0002; treatment
effect, F;,5=7.030, P=0.0162; time x treatment, F ;g4 = 4.923, P < 0.0001), LH
cells (k,n =9 cells/8 mice) and VTA cells (0, n =10 cells/8 mice) before, during
and after bath application of the D3R-selective agonist PD-128907 (1 uM). For
mNAcShMSNs and VP neurons, Cre-ON groups for mNAcSh (blue, n =16 cells/9
mice) or VP neurons (orange, n =10 cells/7 mice), while the Cre-OFF group is
showninblack (n =15 cells/7 mice for NAc; n =10 cells from 6 mice for VP). Insets
show representative oIPSCs traces recorded in mNAcSh MSNs before and after

bath application of PD-128907.d,h,1,p, PPR (% baseline) versus olPSC (% baseline)
for mNAcSh MSNs (d; PPR unpaired ¢-test (two-tailed), ¢ .5 = 2.732; *P = 0.0106;
oIPSC amplitude unpaired ¢-test (two-tailed), ¢,,= 5.181; ***P < 0.0001), VP cells
(h; PPRunpaired t-test (two-tailed), £,5 = 2.457; *P = 0.0244; olPSC amplitude
unpaired t-test (two-tailed), ¢4, =2.503; *P = 0.0222), LH cells (I) and VTA cells
(p). e,i,m, Coefficient of variation (1/CV?, % baseline) versus olPSC (% baseline)
for mNAcSh MSNs (e; 1/CV? unpaired t-test (two-tailed), £, = 3.632; **P = 0.0011;
oIPSCamplitude unpaired ¢-test (two-tailed), ¢, = 5.181; ***P < 0.0001), VP cells
(i;1/CV*unpaired t-test (two-tailed), ¢ g = 2.457; *P = 0.0455; oIPSC amplitude
unpaired t-test (two-tailed), ¢, = 2.148;*P = 0.0222) and LH cells (m). f j,n, Images
of ChR2-positive fibers in the VP (f), LH (j) and VTA (n). Dashed and solid white
linesin fluorescentimagesina, f,jand ndepict borders between brain nuclei.

q, Summary graph of the inhibition of oIPSCs by PD-128907 from mNAcSh
(n=16cells from 9 mice), VP (n =10 cells/7 mice), LH (n =9 cells/8 mice) or VTA
(n=10 cells/8 mice) neurons in Cre-ON condition (one-way ANOVA followed

by two-sided Tukey’s test: F 3 ;) = 6.750. Group comparisons, NAc versus VP,
P>0.9999,NAc versus LH, **P=0.0051, NAc versus VTA, *P=0.02, VP versus LH,
*P=0.013, VP versus VTA, *P=0.0436, LH versus VTA, P= 0.9451). All data are
presented as the mean + s.e.m. Error bars indicate the s.e.m. BL, baseline.
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However, mNAcSh D3R antagonism blocks D3R signaling in MSNs plus
putative afferentinputs expressing D3Rs at their terminals*>*. To spe-
cifically assess whether D3R acting on MSNs locally within mNAcSh
microcircuitry drives motivation, we implemented new functional
disconnection proceduresinvolving pharmacological D3R antagonism
and mNAcSh D3RcKO (Fig. 5d). Control Drd3"™ mice received direct
microinfusion of SB-277011A and ipsilateral AAV-hSyn-GFP-Creinto the
mNAcSh (Fig. 5d). In controls, the unmanipulated hemisphere contains
intact D3R signaling, supporting motivated behavior (Fig. 5e-g). Our
experimental group (contralateral Drd3"" mice) underwent functional
disconnections wherein mNAcSh microinjections of SB-277011A and

AAV-hSyn-GFP-Cre were made in contralateral hemispheres. Here,
only D3R signaling in MSNs within the mNAcSh undergoes bilateral
disruption (Fig. 5e). If motivated running behavior does not rely on
local MSN D3R signaling, thenindependently manipulating D3R activity
in each hemisphere should not disrupt mNAcSh D3R-mediated moti-
vation. Conversely, if motivation is mediated by intra-mNAcSh D3R
signaling in MSNs, then contralateral disconnection should disrupt
motivation. Indeed, contralateral Drd3"" mice displayed decreased
running behavior and preference toward the freely moving disk rela-
tive to ipsilateral counterparts (Fig. 5f,g). As additional controls, we
also quantified running disk performance in Drd3"" mice unilaterally
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injected with Cre-expressing virus or WT mice that had unilateral infu-
sions of SB-277011A, which failed to modify preference for the freely
moving disk (Extended Data Fig. 7a,b). Together, these results suggest
that D3Rs acting on MSNs locally within mNAcSh microcircuitry are
necessary for motivated behavior.

Specific effects of D3R signaling, such as inhibition of local col-
laterals and outputs to the VP, may underlie regulation of motivation.
We compared the effects of non-selectively activating G;,-coupled
GPCRs broadly throughout the cell using chemogenetics, which con-
trast with G;,-coupled D3Rs, which likely have specialized localiza-
tion within MSNs. In contrast to D3R control of motivated running,
chemogeneticinhibition with clozapine N-oxide (CNO) reduced pref-
erence for the freely moving disk and decreased running behavior in

hM4Di-expressing mice relative to mCherry controls (Extended Data
Fig.7c,d). Chemogeneticinhibition of D3-MSNs did not affect locomo-
tor activity or anxiety-like behavior in the open field (Extended Data
Fig.7e). Theseresults suggest that specialized cellular consequences
of D3R signalingin mNAcShMSNs rather thanbroad inhibition controls
motivation torun.

mNAcSh D1Rs mediate action-outcome contingencies

As Drd3is largely coexpressed with Drd1 (Fig. 2a-d), we determined
whether D3R and DIR differ in controlling reward. As low-affinity
receptors, NAc D1Rs modulate reward-related behaviors presumably
by detecting phasic DA and modifying synaptic transmission onto
MSNs*>* To assess this, DrdI"" mice were injected with intra-mNAcSh
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Fig. 5| Motivated behavior requires local D3R signaling within the mNAcSh.
a, Diagram and representative image of bilateral microinjection of the D3R
antagonist SB-277011A (1.8 ng per hemisphere) into the mNAcSh of WT mice. Red
retrobeads were infused after the experiment to confirmaccuracy of cannula
placement. b, Cannula tip placements for saline and SB-277011A groups.

¢, Percentage of time spent on the freely moving and fixed disk for saline
(white, n =7 mice) and D3R antagonist (blue, n = 8 mice) groups during

the running disk choice task (two-way repeated-measures ANOVA: disk

effect, F; 5, =25.56, P< 0.0001; treatment effect, F; 5, = 6.573, P= 0.0165;

disk x treatment, F; ,,, = 10.83, P=0.0029). Number of revolutions recorded in
the freely moving disk (unpaired ¢-test (two-tailed), ¢;) = 3.206; **P=0.0069).
****represents a difference between time spent on the freely-moving and fixed
diskinsaline controls. d, Diagrams and representative images of selective
inactivation of localmNAcSh D3R function using functional disconnection
experiments. Mice were injected unilaterally with AAV8-Syn-GFP-Cre into the
mNAcSh of Drd3"" mice. Ipsilateral (control) and contralateral disconnection
(experimental) groups were infused with SB-277011A into the ipsilateral and
contralateral mMNAcSh, respectively. Dashed and solid white lines in fluorescent

images depict borders between brain nuclei. e, Diagram describing rationale

for disconnection procedures. In theipsilateral group, one hemisphere was
targeted with SB-277011A and AAV-GFP-Cre to suppress D3R signaling within the
mNAcSh and at terminals in the VP, while the other hemisphere had intact D3R
signaling. For the contralateral group, the only common D3R dysfunctionin both
hemispheres was local D3R signaling within the mNAcSh (purple circles), which
was targeted by antagonist infusion and contralateral injection of AAV-GFP-Cre.

f, Percentage of time spent on the freely moving (solid) and fixed (checkered)
disks for ipsilateral control (white, n =9 mice) and contralateral disconnection
(blue, n =8 mice) groups (two-way repeated-measures ANOVA: disk effect,
F30=18.60, P=0.0002; treatment effect, F; 50, = 2.149, P= 0.1531; disk x treatment,
Fu30=10.30, P=0.0032).**** represents a difference between time spent on the
freely-moving and fixed disk in ipsilateral controls. * represents a significant
difference between time spent on freely-moving disk between ipsilateral controls
and contralateral disconnection mice. g, Number of revolutions registered in the
freely moving disk (ipsilateral, n = 9 mice; contralateral, n = 8 mice; unpaired t-test
(two-tailed), t;5)=3.072;**P=0.0077). All data are presented as the mean + s.e.m.
Error barsindicate the s.e.m. Schematics were generated using BioRender.com.

AAV-Cre (NAc-D1RcKO) and run concomitantly with NAc-D3RcKO
experiments from Fig. 1 (Fig. 6a). mNAcSh Drd1 cKO decreased FR1
acquisition (Fig. 6b), which transiently persisted under FR5 sched-
ules (Fig. 6¢). Together, these results indicate that mNAcSh DIRcKO
impairs action-outcome contingencies associated with reinforce-
ment, although motivationimpairments cannot be fully excluded. To
further dissect theimpact of mNAcSh DIRcKO on motivated behavior,
we tested animals on the effort-based choice task. Unlike NAc-D3RcKO
mice, NAc-DIRcKO mice preferred to work for ahigher-palatable reward
(Fig. 6d). Furthermore, break points during PR schedules did not differ
between WT and NAc-DIRcKO mice (Fig. 6¢), indicating that motivation

toseek palatable rewards remained unaffected. Similarly, mNAcSh Drd1
cKO did not strongly impact motivated running in the running wheel
and disk choice tasks (Fig. 6f,g and Extended Data Fig. 8a). Further-
more, mNAcSh Drd1 cKO did not alter sucrose preference (Extended
Data Fig. 8b), sociability (Extended Data Fig. 8c) and light-dark box
(Extended Data Fig. 8d) or novel object recognition (Extended Data
Fig. 8e) tests, indicating that mNAcSh DIR function is not essential
for hedonic processing, anxiety-like or novelty-seeking behaviors,
respectively. Together, this suggests that DIRs, but not D3Rs, play a
roleininstrumental reinforcement possibly delaying the development
of action-outcome associations.

Fig. 6| mNAcSh DIRs mediate reinforcement but not motivation. a, Scheme
and representative image depicting the mNAcSh area targeted with AAV-GFP-Cre
(green) for experiments shown in b-i. Dashed and solid white lines in fluorescent
images depict borders between brain nuclei. b, Number of active (filled)

and inactive (unfilled) lever presses of WT (black, n = 15 mice), NAc-D3RcKO
(blue, n=11mice) and NAc-DIRcKO (green, n = 15 mice) animals during sessions
with FR1 (two-way repeated-measures ANOVA: session effect, F((s.5,s5 = 28.09,
P<0.0001; genotype effect, F, 5,5, = 22.75, P < 0.0001; session x genotype,
Fuo.225=2.009, P=0.0335). ¢, Active and inactive lever presses during FR5
schedule of reinforcement (two-way repeated-measures ANOVA: session

effect, Fiy 1951581 = 3.664, P=0.0061; genotype effect, F, ;5 =1.288, P= 0.2876;
session x genotype, F 64y = 2.455, P=0.0029). **in b represents a main effect

of genotype. d, Amount of food consumed during the effort-related choice

task represented as FRS effort-based (solid) or freely available (checkered)

lab chow (WT, n =15 mice; NAc-D3RcKO, n =11 mice; NAc-D1RcKO, n=15

mice; two-way repeated-measures ANOVA: type of food effect, F; 35, = 54.48,
P<0.0001; genotype effect, F, 35, = 0.3460, P= 0.7098; type of food x genotype,
Fi35=5.604, P=0.0074). *represents a significant difference between mNAcSh-
D3RcKO and mNAcSh-D1RcKO inad libitum chow intake. e, Break points

for WT, NAc-D3RcKO and NAc-D1RcKO mice during PR7 sessions (WT, n =15
mice; NAc-D3RcKO, n =11 mice; NAc-DIRcKO, n = 15 mice; two-way repeated-
measures ANOVA: session effect, F, 03,7706 = 1.343, P= 0.2673; genotype effect,
F38=7.908, P=0.0013; session x genotype, F ,;;, = 1.458, P=0.1992).f, Left:
time-course of wheel-running activity during the initial 12-h period of wheel
exposure (in the animal’s inactive cycle) in WT-Cre (n = 11 mice), NAc-D3RcKO
(n=12mice) and NAc-DIRcKO (n = 8 mice) mice (two-way repeated-measures
ANOVA: time effect, F(7.527,210.7) =16.63, P< 0.0001; genotype effect,
F528=10.86, P=0.0003; time x genotype, Fs64,004) = 2.216, P < 0.0001). Right:
quantification of revolutions during the 12-h period (one-way ANOVA followed by
two-sided Dunnett’s test: F, 55 = 12.20. Group comparisons, NAc-DIRcKO versus
WT, P=0.1044, NAc-D1RcKO versus NAc-D3RcKO, *P = 0.0324). g, Quantification
oftime (left) and revolutions (right) for WT (n =11 mice), NAc-D3RcKO (n =12
mice) and NAc-D1RcKO (n = 8 mice) groups during the running disk choice task.
Percentage of test time spent on the freely moving and fixed disk (two-way
repeated-measures ANOVA: disk effect, F, ,5)= 98.11, P < 0.0001; genotype effect,
F28=20.86, P<0.0001; disk x genotype, F, ,5, = 33.49, P < 0.0001). Number of

revolutions recorded in the freely moving disk for each group (one-way ANOVA
followed by two-sided Dunnett’s test: F; ,5) = 56.43. Group comparisons, NAc-
DIRcKO versus WT, P=0.0614, NAc-D1RcKO versus NAc-D3RcKO, ****P < 0.0001).
h, Scheme of the platform-mediated avoidance task. Mice were placed in an
operant box and were presented with 20 pairings of conditioned stimulus (CS)
and afootshock as the unconditioned stimulus (US). Animals could step onto the
platform to actively avoid a footshock. ITI, intertrial interval. i, Quantification

of trial outcome (avoidance or shock) as a percentage of total trials for day

1(left; two-way repeated-measures ANOVA: outcome effect, F; 35, = 31.35,
P<0.0001; genotype effect, F, 55, = 1.089, P= 0.3478; outcome x genotype,
Fp,35=6.589, P=0.0037) and percentage of time spent on the platform for day
1(right; one-way ANOVA followed by two-sided Dunnett’s test: F, 35, =14.14.
Group comparisons, NAc-D1RcKO versus WT, ***P < 0.0001, NAc-D1RcKO
versus NAc-D3RcKO, **P=0.0004) in WT-Cre (n =12 mice), NAc-D3RcKO (n=9
mice) and NAc-DIRcKO mice (n =17 mice). ** represents a significant difference
between WT and mNAcSh-DIRcKO mice. * represents a significant difference
between mNAcSh-D3RcKO and mNAcSh-DIRcKO mice. j, Pavlovian conditioning
procedures. Experiments involved learning to discriminate reward-predictive
cues (CS+) and a neutral cue (CS-), as well as subsequent extinction procedures.
k, Time-course of nose pokes for the last day of training on CS+ (left; two-way
repeated-measures ANOVA: time effect, F3 g341150) = 115.6, P< 0.0001; genotype
effect, F(,30,=1.025, P=0.371; time x genotype, F 4 620 = 1.175, P= 0.2174) and CS—
(right; two-way repeated-measures ANOVA: time effect, F(2.974,92.18) = 2.280,
P=0.0851; genotype effect, F, ;;,=1.222, P= 0.3083; time x genotype,

Fo,620) = 0.6634, P=0.9458) sessions for WT-Cre (n =11 mice), NAc-D3RcKO
(n=14 mice) and NAc-DIRcKO (n = 8 mice) mice. 1, Quantification of the area
under the curve (AUC) after CS in WT (n =11 mice), NAc-D3RcKO (n = 14 mice) and
NAc-DIRcKO (n =8 mice) groups for sessions 1,3 and 6 of reward learning for CS+
(two-way repeated-measures ANOVA: session effect, F, 5., = 28.90, P < 0.0001;
genotype effect, F, ,5,= 0.6674, P=0.5208; session x genotype, F, s,)= 0.5773,
P=0.0.6803) and CS-sessions (left) and extinction sessions on days 7and 8
(right). Note that operant and running data from WT and NAc-D3RcKO groups
were acquired concomitantly with NAc-DIRcKO mice and were replicated from
Fig.1. Thus, datafrom WT and NAc-D3RcKO groups are displayed differently
(meanand error bars). All data are presented as the mean + s.e.m. Error bars
indicate the s.e.m. Schematics were generated using BioRender.com.
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Therole of mMNAcSh D1IRs may extend to reinforcement of threat
avoidance (negative reinforcement), given that aversive cues elicit
increased phasic DA transmission within the mNAcSh*. We deter-
mined whether reinforcement of footshock avoidance requires
mNAcSh D1Rs using a modified platform-mediated avoidance para-
digm**. Here, auditory cue (CS, tone) co-terminated with a footshock
(Fig. 6h), and mice could avoid the footshock by mounting a platform
located inachamber corner. NAc-DIRcKO, but not NAc-D3RcKO, mice
had avoidance deficits, received more shocks, and spent less time on

the platform than WT mice (Fig. 6i). Deficits in avoidance behavior
in NAc-DIRcKO mice were also observed upon reexposure to the
platform-mediated avoidance task 24 hlater (Extended DataFig. 8f),
supporting a sustained deficit in threat avoidance. As in operant
training, deficits in motivation in NAc-D1RcKO mice cannot be fully
excluded in this setting. Thus, mNAcSh DIR, but not D3R, activity is
essential for negative reinforcement, suggesting that D1IRs regulate
action-outcome contingencies during both positive and negative
reinforcement.
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To gain deeper insights into mNAcSh D1R and D3R roles in stim-
ulus-response associations, we performed Pavlovian reward con-
ditioning. Mice were trained to associate a sucrose reward with an
auditory tone presentation (CS+; Fig. 6j). A neutral tone (CS-) that
did not precede a reward was also presented (Fig. 6j). After repeated
tone-sucrose pairings across days, WT, NAc-D3RcKO and NAc-DIRcKO
groups increased anticipatory nose pokes into the food receptacle
during CS+ presentation (Fig. 6k), with minimal nose pokes during the
intertrial interval (ITI) and CS- (Fig. 6k). Interestingly, no differences
inanticipatory licking were observed between WT, NAc D3R-cKO and
NAc D1R-cKO mice (Fig. 61). All groups stopped nose poking during
extinction sessions, when the US was omitted (Fig. 6l). These results
demonstrate that mNAcSh D1IRcKO does not impair all facets of rein-
forcement, but rather reinforcement based on outcomes derived
from instrumental actions. Collectively, these results demonstrate
that D3Rs and D1Rs play dissociablerolesin regulating motivation and
instrumental reinforcement, respectively.

Separable regulation of D1-MSN physiology by D3R and DIR

We hypothesized that the dissociable roles of D3Rs and D1Rs in moti-
vation and reinforcement may derive from divergent physiologi-
cal effects in mNAcSh D1-MSNs. DIR regulation of NMDA receptor
(NMDAR)-dependent plasticity is key to reward learning™*. Using
glutamate uncaging to evoke isolated postsynaptic NMDAR currents
(Fig. 7a), we found that DIR activation with the D1-like receptor ago-
nist SKF-81297 potentiated AP5-sensitive NMDAR currentsin mNAcSh
D1-MSNs (Fig. 7b-d), an effect that was blocked with bath application
of the DIR-selective antagonist SCH-39166 (Fig. 7b-d). Interestingly,
D3R activation failed to modify NMDAR currents (Fig. 7b-d). Fur-
thermore, SKF-81297 did not potentiate NMDAR currents in D1-MSNs
with Drd1 cKO, demonstrating specificity of our pharmacological and

genetic manipulations (Fig. 7e-h). Thus, DIRs, but not D3Rs, poten-
tiate mMNAcSh NMDAR currents, providing a potential substrate for
reinforcement. In contrast, DIR activation using SKF-81297 did not
modify GABA release from mNAcSh collaterals by D3R MSNs (Fig. 7i-1),
consistent with separable control of inputs and outputs of mNAcSh
MSNs by D1Rs and D3Rs, respectively. Altogether, dissociable control
of motivated and reinforced behaviors by DIRs and D3Rs likely stems
from dissociable physiological effects in D1-MSNs.

Lastly, to determine if DIR-NMDAR interactions are necessary
forinstrumental reinforcement, we performed disconnection experi-
ments of mMNAcShDI1R and NMDAR function during acquisition of FR1
lever pressing. Drd1"" mice were injected with AAV-Cre-GFP and infused
with AP5 (700 ng) in the ipsilateral hemisphere (control group) or
injected with AAV-Cre and infused with AP5 in the contralateral hemi-
sphere (experimental group; Fig. 7m). AP5 microinjection on day two
of FR1acquisition session decreased FR1lever pressing in DIR-NMDA
contralateral disconnection mice (Fig. 7n), consistent with deficits in
instrumental reinforcement. Importantly, decreased lever pressing
was not influenced by the number of lever presses during the day 1
baseline session (Extended Data Fig. 8g). Decreased FR1lever press-
ing was not sustained as levels of lever pressing were similar the day
after AP5 microinjection. Collectively, our results reveal a key role of
mNAcSh DIRs in positive and negative action reinforcement poten-
tially via potentiation of postsynaptic NMDAR-mediated plasticity in
mNAcSh D1-MSNs.

Discussion

We identified distinct roles for mNAcSh D3Rs and D1Rs in regulating
different features of D1-MSN physiology underlying complementary
aspects of reward-related behaviors. Activation of presynaptic D3Rs,
butnot D1Rs,inmNAcSh MSNs inhibits GABAergic transmission within

Fig.7| D3R and D1Rs regulate separable synaptic features of mNAcSh
D1-MSNs. a, Schematic showing location of patch-clamp recordings and
glutamate uncaging. MNI-glutamate (50 pM) was uncaged using 365 nm of
ultraviolet (UV) light (150-ms pulses), and biophysically isolated NMDAR currents
were recorded at +40 mV from mNAcSh D1-MSNs using 6,7-dinitroquinoxaline-
2,3-dione (DNQX; 10 uM), PTX (50 pM) and tetrodotoxin (TTX; 1 uM).

b, Representative traces of evoked NMDAR currents in mNAcSh D1-MSNs before
and after bath application of the DIR agonist SKF-81297 (green), application

of SKF-81297 in the presence of the DIR antagonist SCH-39166 (gray) and
application of the D3R agonist PD-128907 (blue). Red trace indicates that
evoked NMDAR currents were eliminated with AP5 (50 uM) application. Purple
barsindicate UV light pulses. ¢, Time-course of normalized NMDAR-current
amplitude in mNAcSh D1-MSNs before and during bath application of SKF-81297
(10 uM, green, n =10 cells/6 mice), preincubation with SCH-39166 (1 uM) and
application of SKF-81297 (black, n = 5 cells/4 mice) or application of PD-128907
(1M, blue, n =10 cells/6 mice; two-way repeated-measures ANOVA: time

effect, Fi 10,3542 = 11.61, P= 0.0003; treatment effect, F, ,, = 6.713, P= 0.0053;
time x treatment, F g 305 = 5.628, P< 0.0001). d, Amplitude of evoked NMDAR
currents after treatment with SKF-81297 (n =10 cells/6 mice), preincubation
with SCH-39166 (n = 5 cells/4 mice) and treatment with SKF and application

of PD-128907 (n =10 cells/6 mice) (% baseline) (one-way ANOVA followed

by two-sided Dunnett’s test: F, , = 7.070. Group comparisons, SKF-81297 versus
SCH-39166, **P=0.0094, SKF-81297 versus PD-128907, **P = 0.0084).

e, Schematic of experimental details to demonstrate DIR-NMDAR interactions
and validation of Drd1 cKO in the NAc of Drd1"" mice. AAVS-Syn-GFP-Cre was
injected bilaterally in the mNAcSh of WT or Drd1"" mice to genetically ablate
Drdl, and the retrograde tracer Alexa Fluor 594-conjugated cholera toxin
subunit B (CTB-594) was injected into the LH or VTA to selectively label NAc
D1-MSNs. f, Representative images of CTB injection sitesin LHand VTA, and
co-labeling of GFP and CTB in the mNAcSh. Recordings were made from co-
labeled GFP*/CTB* mNAcSh MSNs. Dashed and solid white lines in fluorescent
images depict borders between brain nuclei. g, Time-course of normalized
NMDAR-current amplitude in mNAcSh D1-MSNs before and during and after bath
application of SKF-81297 in WT (n = 8 cells/4 mice) or DrdI™" (n = 8 cells/5 mice)

groups (two-way repeated-measures ANOVA: time effect, F3 7,0 5165 = 8.461,
P<0.0001; treatment effect, F; ,4)= 37.23, P< 0.0001; time x treatment,
F4,105=10.78, P < 0.0001). Insets show representative NMDAR traces recorded
inmNAcSh D1-MSNs for each genotype. h, Iyypar (% baseline) change after
treatment with SKF-81297 for WT (n = 8 cells from 4 mice) and Drd1 (n =8 cells
from 5Smice) groups (unpaired ¢-test (two-tailed), ¢4, = 5.383; ****P < 0.0001).

i, Schematics of experiment to determine regulation of mNAcSh collaterals

by D1Rs and D3Rs. DrdI-tdTomato/Drd3-Cre mice were injected with AAVS5-
Efla-DIO-ChR2-eYFP (Cre-ON) in the mNAcSh and GABA release was evoked
from D3R-positive terminals (1-ms pulses). Biophysically isolated olPSCs were
recorded from mNAcSh D1-MSNs. j, Time-course analysis of olPSCs in mNAcSh
MSNs from D3R collaterals before, during and after bath application of SKF-
12897 (n =12 cells from 6 mice) or PD-128907 (n =16 cells from 9 mice; two-way
repeated-measures ANOVA: time effect, F 474 1673 = 26.75, P < 0.0001; treatment
effect, F; ,6)=16.74, P=0.0004; time x treatment, F ;9 4;, = 7.256, P < 0.0001).
Insets show representative traces recorded in mNAcSh MSNs before and after
bath application of PD-128907 (blue) or SKF-81297 (green). Note that data

using PD-12897 were replicated from Fig. 4 and were, therefore, displayed with
different error bars. k, PPR (% baseline) versus olPSC (% baseline; SKF-12897,
n=12cells from 6 mice; PD-128907, n =16 cells from 9 mice; PPR unpaired ¢-test
(two-tailed), ¢, = 2.146; *P = 0.0414; olPSC amplitude unpaired ¢-test (two-
tailed), 55 = 4.803; ****P < 0.0001).1, Coefficient of variation (1/CV?, % baseline)
versus olPSC (% baseline; SKF-12897, n =12 cells from 6 mice; PD-128907,n =16
cells from 9 mice; 1/CV?unpaired t-test (two-tailed), ¢, = 2.271; *P= 0.0317; oIPSC
amplitude unpaired t-test (two-tailed), £(26) = 4.803; ****P < 0.0001). m, Diagram
of disconnection procedures of DIR and NMDAR function in the mNAcSh. Mice
were injected unilaterally with AAV-Syn-GFP-Cre into the mNAcSh of Drd1™/f
mice. Ipsilateral control and contralateral disconnection groups were infused
with APSinto theipsilateral and contralateral mNAcSh, respectively. n, Change
inactive lever presses under an FR1schedule of reinforcement relative to day 1
inipsilateral (black, n =8 mice) and contralateral (blue, n = 7 mice) groups. AP5
was microinjected on day 2 of FR1sessions (day 2 unpaired t-test (two-tailed),
t3=6.001;**P=0.0003). All data are presented as the mean + s.e.m. Error bars
indicate the s.e.m. Schematics were generated using BioRender.com.
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local microcircuits to promote effort-based motivation torunand oper-
ant responding. Conversely, mNAcSh DIR, but not D3R, cKO impairs
instrumental conditioning viainteractions with NMDARs. These find-
ingsindicate that the effects of DA on mNAcSh MSNs are more complex
than canonical models of striatal function where DIRs and D2Rs are
largely segregated. We propose a model wherein DA signaling at distinct
receptors (D3R and D1R) withinasingle cell type differentially mediates
motivation and reinforcement.

Integration of genetic and pharmacological manipulations
enabled us to isolate the roles of mNAcSh D3R signaling in reward
function, overcoming limitations of previous pharmacological and
constitutive knockout approaches. mNAcSh D3RcKO disrupts moti-
vation as assessed by decreased break points in operant responding
under PR schedules and biased choice for low-effort rewards versus
high-effort rewards, consistent withaloss in motivation. Hunger-driven
food-seeking behavior was unaffected in NAc-D3RcKO mice, suggesting
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mNAcSh D3Rs regulate effort-based motivation but not homeostatic
drive. We also utilized running to demonstrate that mNAcSh D3Rs
regulate the motivational component of anon-food-based rewarding
stimulus. mNAcSh D3R signaling was necessary for promoting running
onanovel wheel during mice’sinactive cycleandinachoice task during
the active cycle, but not general locomotor activity or wheel running
under the control of diurnal cycle shifts. Accordingly, mNAcSh DA
signaling underlies motivation to exercise*°. These results support
the hypothesis that D3Rs regulate the activational components of
motivation, including effort, persistence and/or vigor"”*. This is of
relevance because physical activity and effort, or lack thereof, are
linked to fluctuations in motivation in neuropsychiatric diseases*.
Our study indicates that DA acting on presynaptic D3Rs inhibits
GABAergic transmission fromlocal MSN collaterals, potentially disin-
hibiting MSNs and activating downstream targets to enhance motiva-
tion. This advances our understanding of the behavioral relevance
of mNAcSh collateral connections in regulating behavior***’. D3R
expression follows a ventromedial (highest) to dorsolateral (lowest)
gradientacross the ventral striatum’® (Extended Data Fig. 3b). However,
itis unclear whether this explains differences in modulation of moti-
vation across the ventromedial to dorsolateral striatal gradient*”".
NAc D1-MSNs collaterals also co-release dynorphin and substance P
neuropeptides, which display a ventromedial to dorsolateral striatal
gradient®. Dynorphin and substance P mediate appetitive or avoid-
ance behaviors when acting in the dorsal or ventral mNAcSh*>*>, D3R
constitutive knockout mice display enhanced prodynorphin gene
expression®*. Thus, D3R signaling may regulate reward through regula-
tion of GABA and neuropeptides, which have distinct striatal gradients
and spatiotemporal profiles. Additionally, D3Rs may regulate different
aspects of D1-MSN physiology, such as intrinsic excitability’, within
the mNAcSh. Whether these physiological actions of D3R signaling
arealsoimportant for regulating reward functionis presently unclear.
Despite classical definitions of striatal MSNs by single DA receptor
subtypes’, we found that most mNAcSh D1-MSNs coexpress Drd3, sug-
gesting D3Rs complement DIR function. In contrast, only a subset of
D2-MSNs express Drd3and at lower levels than D1-MSNs. Coexpression
of Drd3and Drd1inmNAcSh D1-MSNs might enable these cells to trans-
form DA signalinginto distinct cellular outcomes and behaviors. Elec-
tron microscopy shows colocalization of DIRs and NMDARs colocalize
in the somatodendritic compartment of mMNAcSh MSNs>, consistent
with the present and previous electrophysiological findings showing
that DIRs, but not D3Rs, potentiate NMDA receptor currents™*, Fur-
ther, presynaptic D3R, but not DIR, signaling inhibits GABA release
from MSN collaterals. This dissociation suggests that functional DIR
and D3R may be localized to distinct subcellular compartments not
explored in the present study. Even if DIRs and D3Rs both regulate
common MSN physiological substrates, D3Rs and D1Rs are coupled to
inhibitory G;and stimulatory G proteins, respectively®, likely exerting
differential effects on MSN physiology. D3Rs have 100-fold greater
affinity for DA than D1Rs”", Preferential engagement of D3R at low
concentrations and activation of DIRs at higher concentrations has
potential implications for the role of distinct spatiotemporal profiles
(forexample, tonic and ramping versus phasic DA release) in regulating
distinct cellular functions and potentially distinct features of reward.
Further studies could clarify how tonic and phasic DA release interact
with D3R and DIR signaling to regulate motivation and reinforcement.
We found that D1Rs acting on postsynaptic NMDAR-mediated
currents are critical for reinforcement of reward-seeking behavior. DA
actingvia D1Rs permit D1-MSNs tointegrate representations carried by
coincidentally active excitatory afferent inputs via NMDA-dependent
plasticity and changes in excitability"”, strengthening representations
conveyed by upstream excitatory neuronal ensembles converging
on individual D1-MSNs to support execution of reinforced operant
behavior and active avoidance. Despite dissociable effects of DIR
and D3R signaling on reinforcement and motivation, it is unclear if

D1Rs modulate other aspects of motivation. This could contribute
to deficits during early phases of operant training and the marginal,
non-significant effects seen on wheel-running and disk-running
tasks in mNAcSh DIRcKO mice. Furthermore, a subset of D2-MSNs
coexpresses D3Rs, and D3Rs may modulate synaptic transmission
from collaterals or terminals in VP arising from D2R/D3R-positive
NAc cells. D3R signaling may complement D2R action, whose sup-
pression on D2 MSN collaterals are implicated in drug reward, loco-
motion and obesity**”. D3R expression in mNAcSh MSNs provides
additional effectors for DA transmission to influence circuit function
and reward-related behavior.

Inconclusion, our work refines our circuit-level understanding on
how DA signaling inthe mNAcShis translated into dissociable aspects
of motivated running, instrumental behavior and active avoidance via
coexpressed D3Rs and DIRsin MSNs. This provides anew description of
separable control of reward and physiological features by DA within the
same celltype. Psychiatricand neurological disorders are characterized
by dysfunctional or amplified motivation and/or reinforcement. The
presentstudy providesinsightsinto how dysfunctionin DA release and/
orsignalinginbrain disorders may impact specific reward domains via
mNAcSh DIRs and D3Rs, providing potential reward feature-specific
therapeutictargets.
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Methods

Subjects

All procedures were approved by the National Institute of Mental
Health (NIMH) Animal Care and Use Committee. For every experi-
ment, adult female and male mice (aged 8-20 weeks at the start of
experiments) were used throughout the study. No significant differ-
ences were found between both sexes, therefore, data were pooled
to complete final group sizes. DA D3 receptor-IRES-Cre (Drd3-Cre)
(Tg(Drd3-cre)KI196Gsat/Mmucd, GENSAT, KI196, agift from C. Gerfen)
and Drd3-Cre crossed with Ail4-tdTomato reporter mice (Drd3-Cre/
Ail4;JAX, 007914) were made congenic with a C57BL/6) background
and were used for anatomical characterization and electrophysiologi-
cal experiments. Drd3"" mice (kindly provided by Z. Freyberg) were
also bred on a C57/BL6J background and were used for behavioral
experiments. DrdI"" mice were acquired from The Jackson Labora-
tory (JAX, 025700). Drd1-tdTomato mice were acquired from Jackson
Laboratories (JAX, 016204) and Drd1-tdTomato/Drd3-Cre mice were
bred in NIMH facilities. C57/BL6) mice (JAX, 000664) is the strain used
whenreferringto WT controls. Drd3-Cre mice were heterozygous for
Crerecombinase.

For the generation of Drd3"" mice, loxP elements were inserted
flanking the transcriptional start site in exon 1 of Drd3 (Extended
DataFig.1a). Specifically, a targeting vector was designed viarecom-
bineering as described previously***’. We first retrieved approxi-
mately 12.2 kb of Drd3 genomic sequence encompassing 8.3 kb of
the 5’-upstream region preceding exon1through 3.5 kb of the intron
1sequence from the BAC, RP24-135K7. This genomic sequence was
inserted into a pDTA vector containing the PGK-DTA negative selecta-
ble marker by gap repair. We then inserted the 5’ loxP site approxi-
mately 4 kb upstream of the Drd3 transcriptional start site in exon 1
followed by insertion of Frt-PGFneo-Frt-LoxP approximately 500 bp 3’
downstream of exon 1. The final vector contains 5’ and 3’ arms of 4.2 kb
and 3.2 kb, respectively. The vector was thenlinearized by Notl diges-
tion, purified and electroporated into mouse embryonic stem (ES)
cells derived froman F1(129Sv/C57BL/6)) blastocyst. Electroporated
cellswere culturedinthe presence of G418 48 h after electroporation
toselect for cells with successful genomicintegration of our construct.
G418-resistant colonies were subsequently picked and screened by
long-range PCR using primers corresponding to sequences outside
the arms and specific to the 5’ and 3’ loxP sites to identify targeted ES
clones. Targeted ES clones were then expanded and further analyzed
by long-range PCR for confirmation before using them for ES-morula
aggregation to generate chimeric animals. The resulting chimeric
mice were thenbred with ROSA26-FIpoER mice to remove the PGKneo
cassette to generate the final Drd3"" mice. These Drd3"" mice were
then made congenic with the C57BL/6) genetic background via back-
crossing for tengenerations (N10). For PCR genotyping, the following
primers were used: Drd3 Lox gtF 5-TGAGACTAAGCAGCGTCCAC-3’,
Drd3 Lox gtR 5-CTCTGAGTTAGATCTCCCCAGC-3’ for WT 372 bp/
floxed 468 bp and Drd3 Frt gtF 5-GCTGGCTCTCCATAGATTCTGC-3’,
Drd3 Frt gtR 5-CTTGAACAGATGTAGGCACCCTG-3’ for WT 254 bp/
floxed 347 bp.

Mice were group housed (2-5 mice per cage) in temperature-
controlled (21-24 °C) and humidity-controlled (40-65%) facilities
and maintained onareverse 12-h light/12-h dark cycle with lights off at
08:00. All mice were maintained in filter-topped cages and provided
food and water ad libitum, except for animals undergoing testing in
operant procedures. Single housing was necessary for experiments
requiring food restriction (operant conditioning) or acclimation to
behavioral tasks (wheel-running experiments) and is explicitly denoted
inthose cases. All purchased mice were kept in the local animal facility
for at least 1 week following delivery before initiating experimental
procedures. Mice were monitored for health status daily and before
experimentation for the entirety of the study. All efforts were made to
minimize pain and distress and the number of mice used.

Viral constructs

Recombinant AAVsand type 2 canine adenoviruses (CAV2) wereimple-
mented to allow expression of transgenes of interest. AAVs were pur-
chased from Addgene, the NIDA Genetic Engineering and Viral Vector
Core, Boston Children’s Viral Vector Core and UNC Viral Vector Core.
CAV2 was acquired from the Institut de Génétique Moléculaire de
Montpellier. All constructs were aliquoted and stored at —80 °C. Titers
ranged from10”to 10" genomic copies per ml. Specific details on each
viral construct can be found in Supplementary Table 2.

Stereotaxic surgeries and optical fiber/guide cannula
implantation

All surgeries were conducted under aseptic conditions, and body
temperature was maintained at approximately 36 °C with a heating
pad. Mice, at 8-16 weeks of age, were anesthetized with a mixture
of ketamine (100 mg per kg body weight; intraperitoneal injection)
and xylazine (10 mg per kg body weight; intraperitoneal injection) as
confirmed by complete absence of flinching response to pinch. The
animal’s head was shaved, and ophthalmic ointment (GenTeal) was
applied tothe eyes to prevent drying. Mice were subsequently placed
in a stereotaxic apparatus (David Kopf Instruments Model 1900)
and the surgical site was exposed using a sterile scalpel after clean-
ing with povidone-iodine and 70% ethanol. The mouse’s head was
leveled by ensuring the difference in dorsoventral distance between
bregma and lambda was within 50 pm. A small craniotomy window
was then made above the injection site with a stereotax-mounted
drill. The following injection coordinates were used: [anteropos-
terior (AP) and mediolateral (ML) relative to bregma; dorsoven-
tral (DV) relative to dura mater at target coordinate]: mNAcSh (AP:
+1.40 mm; ML: £1.65 mm; DV -4.50 mm, 12° angle toward midline),
VP (AP: +0.40 mm; ML: £1.35 mm; DV -5.35 mm), LH (AP: -1.35 mm;
ML: £1.10 mm; DV -5.25 mm), VTA (AP: -3.30 mm; ML: +1.85 mm;
DV -4.60 mm, 14° angle). Infusions (300 nl) were made at a rate of
100 nlminutilizing 29-gauge microinjection needles connected to
FEP tubing secured to a 2 pl Hamilton syringe and a microinjection
pump (UMP3, World Precision Instruments). The infusion system
was filled with distilled water and separated from the infused virus or
drugby asmallair bubble. The injector tip was first lowered 100 pm
deeper thanthe target DV coordinate and then raised to the planned
coordinate before infusion to facilitate viral diffusion at the site of
injection, instead of along the needle track. After infusion, the injec-
tor was kept for 8 min at the injection site to allow for diffusion and
was then slowly withdrawn.

For cKO of Drd1 or Drd3 in the mNAcSh, homozygous Drd1""
or Drd3"" mice received bilateral injections of AAV8-hSyn-GFP-Cre
(4.50 x 10" genome copies (GCs) per ml) or AAVI-EF1a-eGFP; WT mice
were used as controls.

For anatomical tracing experiments, Drd3-Cre mice were injected
with AAV2/9-phSyn1(S)-FLEX-tdTomato-T2A-synaptophysin-EGFP or
AAV1-Syn-FLEX-Chrimson-tdTomato (4.10 x 102 GCs per ml) into the
mNAcSh to characterize downstream projections and terminals of
mNAcSh D3R-containing neurons.

For pathway-specific deletion of mNAcSh Drd3, CAV-Flp-GFP
(1.05 x 10" GCs per ml) was delivered to the VP, LH or VTA and a mix-
ture of AAV5-EF1a-fDIO-Cre (5.00 x 10" GCs per ml) and AAV1-CAG-
FLEX-tdTomato (5.90 x 10 GCs per ml) was delivered to the mNAcSh
ataratioof9to1, respectively.

For validation of lack of toxicity induced by CAV infection,
CAV-FIp-GFP (1.05 x 10 GCs per ml) was injected into the VTA.

For electrophysiological studies examining Drd3-expressing
MSN connectivity and D3R modulation of synaptic transmis-
sion, DrdI-tdTomato/Drd3-Cre mice received bilateral injections
of AAVS-EF1a-DIO-ChR2(H134R)-eYFP (4 x 10" GCs per ml) or AAVI1-
EF1a-DO-hChR2(H134R)-eYFP (5.88 x 10" GCs per ml) targeting
the mNAcSh.
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For drug microinjection experiments, mice were bilaterally
implanted with stainless-steel guide cannulas (26-gauge, 3.5 mm in
length, P1Technologies) 1 mmabove the mNAcSh (AP: +1.40 mm; ML:
+1.65 mm; DV -3.50 mm from dura, 12° angle toward midline). Guide
cannulas were then secured to the skull using MetaBond cement, and
dummy cannulas were used to maintain cannula patency and removed
only during the injection period.

For disconnection procedures, Drd3"" or Drd1"™ mice were
injected with AAV8-Syn-GFP-Cre and implanted with a guide can-
nula above the mNAcSh in the same hemisphere (ipsilateral group)
or injected with virus and implanted with the guide cannula in the
contralateral hemisphere (contralateral group).

For validation of the Drd1"" line, Drd1"™ mice received bilateral
injections of CTB-594 in PBS (1.0 mg ml™, Thermo Fisher) in either LH
or VTAbrainregions.

For chemogenetic inhibition experiments, Drd3-Cre mice
received bilateral injections of AAV1-EF1a-DIO-hM4D(Gi)-mCherry
in the mNAcSh to inhibit Drd3-expressing mNAcSh MSNs.
AAV5-hSyn-DIO-mCherry (1.2 x 10" GCs per ml) was used for control
groups.

Forslice experiments using the cADDis sensor to record the cAMP
responses in NAc MSNs, Drd3-Cre mice were bilaterally injected with
300 nl of AAV1-hSyn-DIO-cADDis (diluted 2x in PBS) in the mNAcSh
using glass pipettes (30-50 pm diameter at the tip).

Following all surgical procedures, incisions were closed using
VetBond (3M) or surgical staples. Mice were allowed to recover from
anesthesia in heating pads until they showed regular breathing and
locomotion, at which point they were transferred back to the vivarium.
Animals received subcutaneousinjections of ketoprofen (5 mg per kg
body weight) for three consecutive days for postoperative analgesia
and anti-inflammatory purposes. Experiments involving the use of
AAVswere initiated 3-4 weeks after injection, 3 weeks for CAV2-Flp-GFP
and 7 days for retrobead and CTB injection procedures.

Anatomical characterization of Drd3-expressing MSNs

RNAscope fluorescence in situ hybridization. Multiplex fluorescence
insitu hybridization (RNAscope, Advanced Cell Diagnostics) was used
to detect the expression of Drd1, Drd2, Drd3 and Cre mRNAs in the NAc
ofadult WT and Drd3""mice. For allRNAscope procedures, tools, slides
and equipment were cleaned with 70% ethanol and RNase inhibitors
(RNAZap, Invitrogen) before use. Mice were euthanized by cervical
dislocation, brains were rapidly dissected and flash frozen for 20 s in
50 mlof 2-methylbutane chilled ondryice. Subsequently, brains were
stored at —80 °C until sectioning. Next, 16-pum slices containing the
NAc were obtained using a cryostat (CM3050 S; Leica Biosystems) at
-20 °Cand thaw-mounted onto Superfrost microscope slides (Fischer
Scientific) in a series of four slides. Slides containing sections were
stored at—80 °C until insitu hybridization processing. Drd1, Drd2, Drd3
or Cre mRNA signal was detected using the RNAscope fluorescent kit
following the ACDBio manual®. Briefly, slides containing the NAc were
removed from—80 °C, fixed with prechilled 4% paraformaldehyde (PFA)
for 20 minat4 °C, and subsequently washed twice for 1 min with PBS,
before gradual dehydration with 50% ethanol (1 x 5 min), 70% ethanol
(1x5min)and 100% ethanol (2 x 5 min). Next, slides were air-dried at
room temperature for 10 min and a hydrophobic barrier was drawn
around the slides using a hydrophobic pen (Vector Laboratories). Sec-
tionswere thenincubated with Protease Pretreat-IV solution for 20 min
atroom temperature. Slides were washed with double-distilled water
(2 x 1 min), before beingincubated with the appropriate probes for2 h
at40 °Cinthe HybEZ oven (Advanced Cell Diagnostics) and undergoing
hybridization. Probes used were purchased from Advanced Cell Diag-
nostics as follows: Mm-Drd1-Cl1 (nucleotide target region 444-1358;
accession no. NM_010076.3), Mm-Drd2-C2 (nucleotide target region
69-1175; accession no. NM_010077.2), Mm-Drd3-C3 (nucleotide tar-
get region 23-1253; accession no. NM_007877.1), Cre recombinase

(nucleotide target region 2-972; accession no. notapplicable). Probes
were warmed up to 40 °Cin a water bath until use.

Slides were washed in wash buffer twice for 2 min, before being
incubated with three drops of amplification 1 buffer, amplification
2 buffer, amplification 3 buffer and amplification 4-Alt A/C buffer at
40 °Cinthe HybEZ oven for 30, 15, 30 and 15 min, respectively. Slides
were washed in wash buffer twice for 2 min. DAPI solution was applied
tosections at room temperature for 20 s to label nuclei. Finally, slides
were coverslipped using Vectashield Hard Set mounting medium (Vec-
tor Laboratories). Slides were stored at 4 °C until imaging. z-stacked
images including the NAc core and mNAcSh were acquired using an
AlR confocal microscope (Nikon) with a x20 objective. This produced
atiled image containing the entirety of the NAc that was used for quan-
tification. The following combinations of laser excitation and emission
filters were used for various fluorophores: DAPI (405 nm excitation;
450/30 nmemission), eGFP (491 nm laser excitation; 528/38 nm emis-
sion), tdTomato (561 nm laser excitation; 586/15 nm emission) and Cy5
(647 nmlaser excitation; 665/35 nmemission). Allsamples wereimaged
with the same settings to allow comparison between samples. Back-
ground subtraction and thresholds were set uniformly for allimages.

In situ quantification. Image analysis and cell quantification were
performed using ImageJ software (Fiji, version 2017) and CellProfiler
software (version 3.1.9.; Broad Institute)®"*>, Toanalyze the images, each
image was opened in ImageJ and converted to a maximum intensity
projection. Images were overlapped onto the Allen Mouse Brain atlas
to set boundaries for the NAc core or mNAcSh area to be analyzed.
Two to three serial sections (between approximately AP +1.42 and
+1.21) were analyzed for each mouse. For quantification, images were
imported to an automated CellProfiler pipeline that was kept identi-
cal across samples from the same experiment. Here, only cells with a
clear DAPI-positive nucleus were counted, which were then registered
and used as markers for individual cells. Regions of interest (ROIs) for
analysis were defined as the 3 pm area surrounding the DAPI signal. A
blinded experimenter set thresholds for each channel, which deter-
mines the minimum intensity of fluorescence for a probe to be counted.
These thresholds were validated by visual spot-check throughout the
image to ensure cells and probes were being appropriately counted.
CellProfiler software provided CSV files with the total counts of cells
and levels of overlap, whichare reportedin the data. For quantification
of Drd3mRNA reductionin NAc-D3RcKO, the integrated pixel intensity
of the Drd3signal in each GFP-positive neuron was calculated around
the NAcregioninfected and compared against WT controls. For coex-
pressionof Drd1, Drd2and Drd3, cells considered as positive consisted
of an area within the radius of a DAPI nuclear staining that measured
at least ten positive pixels for receptor probes. For the percentage of
retrobead-positive cells expressing Drd3 mRNA, retrobead-positive
cells contained at least six for retrobead labeling.

Anterograde tracing of Drd3-expressing mNAcSh MSNs. To examine
the projection pattern of Drd3-expressing mNAcSh neurons, 300 nl
of AAV1-hSynl-FLEX-Chrimson-tdTomato or AAV2/9-phSyn1(S)-
FLEX-tdTomato-T2A-synaptophysin-EGFP were bilaterally injected into
the mNAcSh of Drd3-Cre mice as described above. Mice were perfused
3 weeks following viral injection and 50-um-thick coronal brainslices
were prepared. Images were taken at approximately 300-um intervals
frombrainregions expressing tdTomato and/or GFP usingaNikon AIR
confocal microscope with a x20 objective. ROIs were labeled relative
to bregma based on Paxinos and Franklin’s the Mouse Brain in Stere-
otaxic Coordinates®. Total integrated fluorescence intensity tdTomato
and GFP from each downstream target were quantified using ImageJ
with identical pinhole, gain and laser settings. For each brain region,
four images were acquired at the same focal point from each animal.
No additional post-processing was performed for any of the images
analyzed here.
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Retrobead retrograde tracing of Drd3-expressing NAc MSNs.
C57BL/6)JWT mice wereinjected bilaterally with200 nlof Red and Green
Retrobeads IX (Lumafluor) into the VP, LH or VTA/SNc as described
above. Per the manufacturer’s protocol, red retrobeads were injected
atal:4 dilution and green retrobeads were left undiluted. Seven days
after injection, brains were collected and processed for RNAscope
procedures as described above.

Quantitative real-time PCR

WT and Drd3""mice expressing Cre recombinase in the mNAcSh were
euthanized by cervical dislocation. Brains were rapidly dissected,
and 1-mm coronal brain slices containing the ventral striatum were
obtained by slicing the brain placed inaniron matrix (Kent Scientific).
The NAc was microdissected bilaterally and immediately transferred
to microcentrifuge tubesondry ice; samples were stored at —-80 °C for
RNAisolationand processing. Total RNA was extracted from dissected
NAc samples using the NZY RNA Total Isolation kit (ref. MB13402,
Nzytech), and purified mRNA samples werereverse 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
SYBER Green system (Power SYBR Green PCR Master Mix, Applied Bio-
systems). All TagMan probes were purchased from Applied Biosystems
and were as follows: Drd1 (Mm02620146_s1), Drd2(Mm00438545_m1),
Drd3 (Mm00432887_m1) and GAPDH (Mm99999915_gl1). qPCR was
performed using TagMan Fast Polymerase (Applied Biosystems) inan
ABIPRISM 7900HT SDS Real-Time PCR system (Applied Biosystems).
Cycling conditions were as follows: initial hold at 95 °C for 20 s; 40
cyclesofstep1(95°Cforls);andstep2 (60 °Cfor20s).Samples were
runintriplicates, and negative controls were runin parallel. The relative
mRNA expression level for each sample was calculated using the AACt
method, where Ct was the cycle threshold for each reactionand GAPDH
was used asinternal control (DCt = Ct (gene of interest) — Ct (GAPDH)®*.
Gene expression fold change was calculated by normalizing the value
of each sample to the mean of the control samples.

Histology

Upon completion of all experiments, mice were deeply anesthetized
with euthanasia solution (VedCo), and then transcardially perfused
with 40 mlof cold PBS (1%, pH 7.4), followed by 40 ml of cold 4% wt/vol
PFAin PBS. Brains were extracted and post-fixed in 4% PFA at 4 °C over-
night and then cryoprotectedin 20% sucrose-PBS for 24 h, followed by
30% sucrose-PBS for 24 h, at which point they were stored in PBS or pre-
pared for sectioning on acryostat. To this end, brains were embedded
onthe mounting disk with Tissue-Tek Optimum Cutting Temperature
Compound (SakuraFinetek) for freezing over dry ice. Brains were sub-
sequently placedinthe cryostatat—20 °C, and consequently sectioned
into 50-umor100-umslices. Slices were mounted on slide glasses with
DAPIFluoromount-G mounting medium (0100-20, Southern Biotech)
for visualization on a Nikon AIR confocal microscope (x10 objective,
NA 0.45, lasers: 405 nm,488 nmand 561 nm). Injection sites and optical
fiber placements were routinely confirmed in all animals by preparing
coronal sections containing the ROI. After histological verification,
animals with insufficient transgene expression, off-target transgene
expression outside the region of interest by visual inspection and/
or inaccurate implant placement were excluded from data analyses.
A representative scheme of the viral spread for NAc-D3RcKO mice
included in this study isincluded in Extended Data Fig. 1k.

Immunostaining

To address the potential toxicity of CAV injection and its impact on
VTA DA cell degeneration, we performed immunostaining of TH after
unilateralinjection of CAV-FIpO-GFPin the VTA (300 nl) of Drd3"" mice.
Three weeks after injection, animals were perfused, brains were sliced
inavibratome (LeicaVT1200) and sections containing the VTA (50 um)

were collected. Sections were then processed immunohistochemically
for visualization of GFP and TH expression. Briefly, sections were rinsed
with PBS and incubated for 1 h in PBS supplemented with 4% bovine
serum albumin and 0.3% Triton X-100. This was followed by a48-hincu-
bation at 4 °C with rabbit anti-TH monoclonal antibody (1:1,000 dilu-
tion; PelFreez Biologicals, P40101-150) and chicken anti-GFP antibody
(1:1,000 dilution; Abcam, ab13970). After being rinsed three times for
10 min eachin PBS, sections were processed with secondary antibody
Donkey anti-rabbit Alexa Fluor 594 (1:500 dilution; Jackson Immu-
noResearch, 711-585-152) and goat-anti-chicken Alexa Fluor 488 (1:500
dilution; Abcam, ab150173) for 2 h at room temperature. Free-floating
sections were mounted on coated slides. Slides were exposed in the
darkat4 °Cfor1week before development. TH"and TH'/GFP” cells were
detected and segmented fromimages using the Cellpose3 pretrained
super-generalist ‘cyto3’ segmentation model (https://www.cellpose.
org/) followed by manual removal of failed detections as necessary.
Integrated density of TH signal was measured using Image]J with cell
outlines exported from Cellpose. The control group comprises VTA
sections from mice that had no GFP expression and contralateral VTA
sections that had minimal GFP expression.

Ex vivo electrophysiology

Slice electrophysiology recordings were performed as previously
described™. Briefly, 3 to 8 weeks after surgery, mice were deeply anes-
thetized with euthanasia (200 mg per kg body weightintraperitoneally;
VedCo) and subsequently decapitated after confirmation of absent toe
and tail pain reflexes. Brains were rapidly removed and chilled for 2 min
in ice-cold NMDG-based slicing solution containing 92 mM NMDG,
20 mM HEPES, 25 mM glucose, 30 mM NaHCO;, 2.5 mM KCl, 1.2 mM
NaH,PO,, 5 mMsodium ascorbate, 3 mM sodium pyruvate,2 mM thio-
urea, 10 mM MgSO, and 0.5 mM CacCl, (pH 7.35,303-306 mOsm) and
saturated with 95% 0,/5% CO,. Brains were rapidly blocked, dried on
filter paper and glued to a platform containing ice-cold NMDG slic-
ing solution within a vibratome (VT1200, Leica). Coronal sections
(300 pm) containing the mNAcSh, VP, LH and VTA were cut at aspeed
of 0.07 mm s while the brain was submerged inice-cold NMDG-based
slicing solution. Following slicing, sections were keptin a custom-built
chamber containing NMDG slicing solution for 7 min at 34 °C. Slices
were subsequently transferred to a chamber filled with modified
holding artificial cerebrospinal fluid (aCSF) saturated with 95% O,/5%
CO, containing 92 mM NacCl, 20 mM HEPES, 25 mM glucose, 30 mM
NaHCO,, 2.5 mM KCl, 1.2 mM NaPO,, 5 mM sodium ascorbate, 3 mM
sodium pyruvate, 2 mM thiourea, 10 mM MgSO, and 0.5 mM CacCl,
(pH 7.35,303-306 mOsm) at room temperature for atleast 1 h. Slices
remained in this solution for recovery until transferred to the record-
ing chamber. For recordings, the recording chamber was kept at 31 °C
and perfused witha pump (World Precision Instruments) at aflow rate
of 1.5-2.0 ml per minute with aCSF containing 126 mM NacCl, 2.5 mM
KCl, 1.4 mM NaH,PO,, 1.2 mM MgCl,, 2.4 mM CacCl,, 25 mM NaHCO,
and 11 mM glucose (303-305 mOsm) at 31 °C. Cells were visualized
with a x40 water-immersion objective on an Olympus BX5iWlinverted
microscope equipped with infrared-differential interference contrast
(IR-DIC) optics and epifluorescence (Olympus Corp). Patch pipettes
(2-4 MQ) were pulled from borosilicate glass (G150TF-4, Warner
Instruments) and filled with a freshly filtered (0.22-pm syringe filter)
cesium-based internal solution containing 117 mM cesium methanesul-
fonate,20 mMHEPES, 0.4 mMEGTA, 2.8 mMNacCl, 5 mM TEA-CI,4 mM
Mg-ATP, 0.4 mM Na-GTP and 5 mM QX-314 (pH 7.35; 280-285 mOsm).
Whole-cell access was obtained from individual neurons after acquisi-
tion ofagiga-ohmseal recording. All recordings were made utilizing a
Multiclamp 7400B amplifier (Molecular Devices) and data were digi-
tized at 10 kHz and filtered at 1-2 kHz using a1440A Digidata Digitizer
and Clampex software (Molecular Devices). Series and input resist-
ances (10-20 MQ) were monitored online using a =5 mV, 70-ms volt-
age pulse through the recording electrode. Cells with >20% change in
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accessresistance were discarded from further analysis. Liquid junction
potentials were = =7 mV and were left uncorrected. Data were analyzed
offline using Clampfit 10.6 (Molecular Devices).

Toisolate GABA, responses evoked by optogenetic stimulation of
Drd3-expressing MSNs, the AMPA receptor antagonist DNQX (10 pM)
and NMDAR antagonist D-AP5 (50 pM) were included in the aCSF, and
neurons were voltage-clamped at 0 mV. oIPSCs were elicited every
10 s by photostimulating ChR2 using two 1-ms pulses of 473-nm LED
light (pE-300"""?, CoolLED) separated by a 50-ms interstimulus inter-
val. ChR2-negative cells were identified by the lack of ChR2 currents
evoked by blue-light stimulation. ChR2 currents were characterized by
sustained, steady-state currentsinresponse to 1-s blue-light stimula-
tionwith an onsetimmediately at the start of the laser pulse. Synaptic
GABAergic currents in ChR2-negative cells were outward currents
that were not sustained for the duration of a100-1,000-ms blue-light
pulse and had a delayed onset beyond the 1 ms optical pulse. Cells
that did not show a peak that exceeded baseline noise in this window
were counted as nonresponders. Connectivity was calculated as the
percentage of cells receiving oIPSCs from mNAcSh Drd3-expressing
MSNs. IPSCs were recorded until their amplitudes were stable for at
least 5 min, at which point PD-128907 (1 uM), ML417 (1 uM) or SKF-
81297 (10 pM) were added to the bath for 10 min. After bath applica-
tion, drugs were washed out for 5 additional minutes. Time-course
graphs of the effects of drug application were generated by averaging
raw olPSC measurements in 1-min bins and expressing each point
as a percentage of the average of the 5-min baseline. The averaged
baseline and 5 min after drug application were used for quantifica-
tion of modulation of synaptic transmission. PPRs were calculated
as the amplitude of the second peak divided by the amplitude of the
first peak. It should be noted that ChR2 expression has been docu-
mented to alter presynaptic release probability® and, as such, absolute
PPR and 1/CV?values likely do not reflect that absolute physiological
state of presynaptic release and may even influence presynaptic D3R
modulation. To differentiate between D1-MSNs and D2-MSN:s, slices
were obtained from DrdI-tdTomato mice and recordings were made
from tdTomato-positive (D1-MSNs) or tdTomato-negative (putative
D2-MSNs) cells. Because the electrophysiological results from the two
MSN populations were similar, data were grouped. Recordingsin the
VP,LHand VTAwere madeirrespective of theidentity of the cell. sSIPSCs
were collected in the presence of DNQX (10 pM) and D-AP5 (50 uM)
and the last 5 min of baseline and the last 5 min of drug application
were used for quantification. Events were filtered online at 1 kHz and
counted manually utilizing MiniAnalysis 6.0.3. software (Synaptosoft).
Atleast 100 events per cell were acquired in 6-s blocks and detected
using a threshold of 7 pA.

For the modulation of NMDAR currents, recordings were made at
a+40 mV holding potential with DNQX (10 uM), the GABA, receptor
antagonist PTX (50 pM) and TTX (1 uM) in the bath to isolate gluta-
mate uncaging-evoked NMDAR currents and eliminate circuit effects
evoked by glutamate uncaging. Glutamate uncaging was achieved by
applyingasingle 150-ms pulse of UV light (356 nm) through the micro-
scope objective every 20 sto a bath containing MNI-glutamate (50 pM,
Tocris, Bioscience). NMDA components were measured as currents
20 ms after the peak. LED intensity was chosen to evoke responses at
approximately half of maximal amplitude. Evoked NMDAR currents
were recorded until their amplitudes were stable for at least 5 min,
at which point PD-128907 (1 uM) or SKF-81297 (10 pM) was added to
the bath for 10 min. SCH-39166 (1 uM) was already present in the bath
to pharmacologically antagonize D1R signaling. Time-course graphs
were generated by averaging raw NMDAR measurementsin 1-min bins
and expressing each point as a percentage of the average of the 5-min
baseline. The averaged baseline and last 5 min of drug application
were used for quantification. Bath application of AP5at the end of the
experiment abolished glutamate uncaging-evoked currents, confirm-
ingthat evoked currents were mediated by NMDARs. For validation of

DrdI KO, AAV8-Syn-GFP-Cre was injected into the mNAcSh of Drd1""
mice to genetically ablate Drd1, and CTB-594 was delivered in the LH
or VTA to visualize putative NAc D1R-expressing MSNs. Whole-cell
recordings of NMDAR currents were performed on GFP-positive and
CTB-594-positive neurons as detailed above.

After recordings, images of the recording pipette were acquired
for post hoc estimation of recording location using the same cameraas
above and using a x4 Nikon objective. For all pharmacological experi-
ments, one neuron per slice wasrecorded. Insome cases, the slice was
transferred to 4% PFA overnight for post hoc imaging on a confocal
microscope. The Clampfit suite v10.6 (Molecular Devices) was used
for datadisplay, acquisition and storage.

Two-photon slice imaging

We sought to address the relationship between D3R function with
intracellular cAMP signaling by performing acute brain slice imaging of
acAMP sensor (cADDis) inmNAcSh. Following 3 weeks of viral expres-
sion, acute slices were prepared as described above, and two-photon
fluorescence imaging was performed on an upright multiphoton micro-
scope (FVMPE-RS, Olympus) using an x201.0-NA objective (Olympus)
and GaAsP photomultiplier tube detectors. Fluorescence excitation for
imaging was achieved using aninfrared femtosecond pulse laser tuned
to 920 nm (Spectra Physics X3). Image acquisition was performed
using Olympus Fluoview software. The image acquisition frame rate
was ~1 Hz for cADDis fluorescence imaging using galvo-galvo scan-
ning mirrors. Volumetric imaging was used (20 planes, 5 um between
planes) to sample more cells and correct for any z-drift during imag-
ing. During imaging, slices were continuously superfused (flow rate,
2-5mlmin™) with oxygenated (95% O, and 5% CO,) aCSF at room tem-
perature. Application of DA was performed in the presence of 1 uM of
DIR antagonist (SCH-39166) to test for specific effects of D3R function
on downstream cAMP signaling. To prevent oxidation of DA, 50 uM
sodium metabisulfite was included in all aCSF solutions during DA
application experiments.

Analysis of two-photon slice imaging

Acquired movies were first corrected for minor XYZ drift using Fast-
4Dreg (Image) v1.54f) and excluded if drift remained following this
registration. For selection of ROIs corresponding to putative presyn-
aptic terminals, ROIs were manually circled based on visualization
(Image)). ROIs were further selected based on the criteria of having
anormalized change in fluorescence greater than 5% at the maximal
concentration of DA used, and these ROls were used for plotting time
courses and analysis of response magnitude to various DA concentra-
tions. The normalized change in fluorescence was calculated by sub-
tracting abaseline fluorescence (F,(t)) from F(t), then dividing by F,(¢):
AF/F(t) = (F(£) — Fo(£))/Fo(t), where Fo(t) was the mean of the final 2 min of
the 5-minbaseline period and F(t) is the entire fluorescence recording.

Behavior

Behavioral experiments were conducted during the dark cycle
(between 10:00 and 18:00) unless otherwise specified. Mice were
allowed torecover fromsurgery for at least 3 weeks before behavioral
testing was conducted. Animals were matched according to age, sex
and date of birth and single housed at least 1 day before the start of
testing. To minimize the effect of stress on behavioral outcome, mice
were acclimated to the soundproofed testing room under red light for
atleast 30 min before the start of each assay.

Animals undergoing running behavioral testing were subjected
to the following assays in this order: wheel running, running disks
choice test, open-field test, sucrose preference test, social interac-
tion, light-dark box and novel object recognition test (Extended Data
Fig.1b).Separate cohorts of mice were used for operant conditioning
experiments. For pathway-specific D3RcKO, mice underwent testingin
running wheel, running disk choice-behavior and operant procedures.
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Wheel running. Voluntary running was performed in mice with free
accesstoarunning wheelin their cage. At least 24 h before the start of
the experiment, mice were singly housed in clean, standard cages to
habituate themwith socialisolationinactivity recording chambers. At
the start of the light cycle (that is, 20:00), mice were transferred into
cages that contained arunning wheel connected to aninfrared sensor
thatrecorded beam breaks on the wheel to calculate distance traveled
(ACT-551-FIL-MS-SS, Coulbourn Instruments). Animals were provided
with ad libitum access to food and water, and running activity was
monitored for 60 consecutive hours. Datawere collected every 5 min
from each mouse using ClockLab (Actimetrics).

Running disks test. We designed an effort-related choice-behavior
task to disentangle motivational running behavior. Mice had to
choose between two disks, one that was fixed, where animals could
not run, and another one that was freely moving, where animals
experienced reward by running. Disks were angled at approximately
30° relative to the floor. Each session consisted of baseline and
test phases. During baseline, the animal was placed in the empty
open-field arenaand allowed to explore the environment for 10 min.
After baseline, the fixed and freely moving disks were inserted into
the arena, and disk-running activity and general locomotion were
recorded for 3 h. There was no interruption between baseline and
test phases. Visual (circles or stripes) and odor (double-distilled
water or 5% acetic acid) cues were attached adjacent to each disk to
further facilitate the recognition of each area of the arena. Tracking
datawere analyzed offline using TopScan software (CleverSys). The
position of the mouse was defined as the zone in which both front
paws and center were located.

Open-field test. Mice were placed singly in an open-field arena
(43.8 cm x 43.8 cm x 39.4 cm) to assess general locomotor activity
and anxiety-like behavior. For the former, the total distance traveled
was measured for 30 min. For the latter, the arena was divided into
‘center’ (23 x 23 cm) and ‘edges’ zones and the percentage of time spent
in the center of the arena was measured. For both analyses, TopScan
(CleversSys) video tracking software was used to score the movement
and location of the animals.

Sucrose preference test. Hedonic reward seeking was measured using
the sucrose preference test. Single-housed mice were first habituated
by being placed in a standard cage (45 x 27 x 15 cm) that contained
two bottles of tap water. Water intake was measured by weighing the
bottles 4 hafter the start of the habituation period. The following day,
oneofthebottles was replaced with a1% sucrose solution (wt/vol),and
animals were again given a free choice between the two bottles. The
totalamount of tap water and sucrose consumed was recorded by again
weighing the bottles after 4 h. Sucrose preference was calculated as
the amount of sucrose solution consumed relative to the totalamount
of liquid consumed and multiplied by 100 [(sucrose solution intake/
total intake) x 100]. To control for side preferences, the location of
the sucrose and water bottles was counterbalanced between cages.
Sucrose preference testing occurred approximately 2 h after the start
oftheanimal’s active cycle.

Light-dark box. The light-dark box test was performed to assess
anxiety-like behavior. Mice were placed in an open-field arena
(43.8 cm x 43.8 cm x 39.4 cm) divided into two compartments con-
nected by a small circular aperture (4 cm wide x 5cm high). One side
was exposed tolightinthe roomand the other was enclosed and dark.
During testing, mice were placed in the lit side of the box, facing the
wallfarthest from the entrance to the dark side. Animals were allowed
to explore the two compartments for 5 min. Videos were recorded with
acamera positioned above the chamber. The latency to enter the dark
compartment and the time spent in each side were quantified offline

with TopScan. Room lighting was measured with the aid of alux meter
during testing (-100 Lux).

Novel object recognition test. The novel object recognition task
assessed novelty-seeking behavior, capitalizing on rodents’ natural
inclination to spend more time with anovel object than a familiar one®®.
Objectrecognition testing was carried outin a Plexiglas open-field box
(43.8 cm x 43.8 cm x 39.4 cm) and consisted of two sessions—habitu-
ation and recognition. During the habituation session, animals were
allowed tofreely explore the environment, which contained two identi-
cal Lego constructs in opposite corners of the box, for 10 min. Items
were placed on a metal base to ensure they could not be moved or
knocked over by the animals. Subsequently, mice were taken back to
theirhome cagesforanITlof1handwerereintroducedinthe appara-
tus for the recognition test lasting 10 min. In this 10-min session, one
of the two objects used in the habituation phase was replaced with
anovel object that was differently colored and shaped compared to
the original, familiar object. The identity and position of the novel
and familiar objects were counterbalanced across groups. Objects
were thoroughly cleaned with water between phases to remove odor
traces. Total time spent exploring each of the objects during both
phases was quantified offline using TopScan. The discrimination ratio
was calculated as the time spentinteracting with the novel object area
divided by the time spentin a novel object area plus the time spentin
the familiar object area.

Social interaction assay. For social interaction experiments, mice
were temporarily moved toatarget-free holding arena (56 x 24 x 24 cm)
that contained two empty mesh pencil cups (5 x 6.5 x 8 cm) in opposite
corners of the arena. Animals were first allowed to freely explore the
chamber for 2.5 min before a novel juvenile mouse (3-6 weeks) of
the same sex and strain (to avoid mutual aggression) was placed into
one of the holders. The test mouse was allowed to freely interact for
7.5min, and video was recorded with a camera suspended above the
arena. The ‘interaction zone’ encompassed a circular area project-
ing 6.5 cm around the pencil cup. The ‘corner zones’ encompassed
a9 cm x 9 cm area projecting from both corner joints opposing the
wire-meshenclosure. Social interaction was automatically scored with
AnyMaze software (Stoelting) and defined as the ratio of time spentin
theinteractionzone withajuvenile mouse (thatis, in active contact with
theintruder’s snout, flank or anogenital area, grooming, 6.5 cm from
the enclosure of the pencil cup) over time spent with the target absent.

Operant conditioning. Before initiating operant procedures,
mice were weighed to the nearest 0.1 g to determine a baseline for
free-feeding body weight. Mice were singly housed and maintained
under food restriction to achieve 85-90% of their free-feeding body
weights for 3 days before and throughout the experiments, which
motivated them to perform the operant tasks. Mice were weighed daily
and fed 1 h after their daily behavioral sessions with 2 g of standard
laboratory chow. Animals had free access to water throughout. Oper-
ant procedures were conducted 7 days per week over a4-week period.

Chocolate pellet self-administration was used to examine
reward-related behaviors and took place in sound-attenuated mouse
operant chambers (ENV307A-CT, Med Associates; PC 5 software).
Chambers were equipped with two retractable levers and areward pel-
let dispenser. One lever was designated as ‘active’ and was paired with
thedelivery of chocolate pellets (20 mg, Bio-Serv), while the other lever
was designated ‘inactive’ where lever pressing had no consequence
on reward delivery. The assignment of active and inactive levers was
counterbalanced across animals and chambers were kept dark (house
light off) during all sessions. There was a 5-s time-out after every pel-
let delivery during which lever pressing did not trigger any delivery.
A house light was positioned above the levers and a fan was present
to maintain ventilation throughout testing. Before the start of the
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conditioning experiments, animals first underwent two pretraining
sessionsinwhich chocolate pellets were delivered at arandom interval
schedule (mean of 45 s, range 4-132 s), where pressing in either lever
had no consequence onreward delivery. Days 1-6 of operant training
were conducted onan FR1schedule, and days 7-12 were conducted on
anFR5schedule, where mice had to press the active lever one and five
times, respectively, to earn a reward. Mice underwent testing in one
session each day. All FR sessions lasted 45 min.

Operant choice task. Our operant choice task was modified from
previous reports®. After 6 days of testing on an FR5 schedule, mice
underwent testing on the operant choice task. First, mice experienced
asession where they were presented with afood receptacle contain-
ing freely available regular laboratory chow or chocolate pellets in
the corner of the operant chamber opposite of the wall containing
the active lever and operant reward receptacle. This was done to
pre-expose the animals to freely available food in the operant cham-
bers. During this session, active and inactive levers were retracted.
Mice were subsequently tested in a choice task, where they could
either pressthelever on an FR5schedule to obtain a highly palatable
food (20 mg chocolate food pellets) or consume the freely available
food located on the opposite side of the operant chamber in a food
receptacle. Choice sessions with regular laboratory chow or choco-
late pellets were conducted on different days. After a choice session,
aretrain session where only chocolate pellets delivered on the FRS
schedule were available was presented to the mice. The number of
lever presses, quantity of freely available food (standard chow or
chocolate pellet) consumed, total amount of food consumed (pellets
plus chow) and the amount of chocolate pellets obtained by lever
pressing were recorded.

PRoperanttasks. After FR schedule sessions, a PR schedule of reinforce-
ment was used to assess the motivation to work for chocolate pellets.
To familiarize animals with a schedule requiring more effort, a PR3
schedule was used for 3 days. Under this schedule, response increments
linearly increase by threelever presses (3, 6,9,12,15) for delivery of each
subsequent food pellet. Animals subsequently underwent 4 days of
training on a PR7 schedule to assess motivation under aschedule with
higher demands. In each PRsession, the break point (the final number
ofresponses an animal completes where areward is delivered) and ses-
sionlengthwererecorded. All PR sessions ended after 3 hor until 5 min
elapsed without the animal responding in the active lever.

Platform-mediated avoidance task. This modified tone-shock con-
ditioning experiment tested for reinforcement of avoidance behavior.
Experiments were conducted in sound-attenuated fear conditioning
chambers (30 cm length x 25 cm width x 25 cm height, Med Associ-
ates) that were illuminated with red light. The floor of the chamber
was composed of ametal grid that delivered an electric foot shock. All
tests began with a 2-min baseline habituation. Following the baseline
period, 20 pairings of a conditioned stimulus (CS, 30 s, 80 dB, 4 kHz
noise) co-terminating with an unconditioned footshock stimulus (US,
0.4 mA, 2 s) were presented. The ITIwas 40-60 s. Animals could avoid
the shock by jumping onto asquare Plexiglas platform (8 x 8 x 0.33 cm)
located on a corner of the chamber that was fixed to the shock floors.
Each experiment lasted for 2 days with one 30-min session conducted
each day. Day 2 consisted of identical stimuli presentations as day one.
Between experiments, shock grids and floor trays were cleaned with
soap and water, and chamber walls were cleaned with wet paper towels.
Data were acquired and analyzed using AnyMaze software. This task
was modified from previous reports** to adapt it to mice.

Pavlovian cue-reward learning task. WT, Drd3"" and Drd1"" were
bilaterally injected with AAV8-hSyn-GFP-Cre in the mNAcShusing glass
pipettes (diameter 30-50 um). Three weeks after injection, animals

were food restricted to 85-90% of their free-feeding body weight for
3 days before testing. Mice were then trained in sound-attenuated
boxes (ENV-307W, Med Associates) equipped with a tone generator,
cue lights and areceptacle for 10% sucrose delivery that could detect
head entries and individual licks. A 70-dB 4-kHz tone was given as a
CS+for10 s, and US (that s, 20 pl of 10% sucrose water) was available
8saftereach CS+onset. A3.5-kHz tone was given asa CS-.Each session
consisted of 40 trials wherein 20 trials corresponded to CS+ US pair-
ings and 20 trials to CS— presentation. A 60 s ITIwas followedbya10 s
tone/light cue presentation that terminated with delivery of 20 pl of a
10% sucrose solution. Licks that were made after cue onset but before
reward delivery were counted as ‘anticipatory’ licks, while licks made
after reward delivery were counted as ‘consummatory’ licks. Learning
was assessed by comparing nose-poke rate during CS+ presentation
withrate during ITIor CS-. Mice received six sessions of 60 min each,
separated by 24 h. The next day after the last cue-reward learning ses-
sion, mice began cue-reward extinction. Identical CS+were giventen
times per session, now without US delivery. Mice underwent a total of
two extinction sessions. Chambers and lick ports were sanitized with
Acceland 70% ethanol between animals to remove any odor. Cue onset,
reward delivery, lick and port-entry timestamps were recorded with
MED-PC (Med Associates) software and analyzed using Python and
Excel (version16.16.26, Microsoft).

D3R pharmacological inactivation

Microinjection of the D3R antagonist SB-277011A (Tocris) was used to
pharmacologically inhibit D3R signaling inthe mNAcSh. Animals were
allowed torecover for 4 weeks after surgery before habituation to the
microinjection procedure. For 2 days before the start of the experi-
ments, mice were habituated to handling and cannula manipulation.
Onthe experimental day, 350 nl of 10 pM SB-277011A (1.79 ng, dissolved
in1% dimethyl sulfoxide (DMSO) or vehicle (1% DMSO)) was bilaterally
infusedinto the mNAcSh. This was accomplished using 33-gauge injec-
tor cannulas connected to a syringe pump (UMP3, World Precision
Instruments) with PE20 tubing that protruded 1 mmbeyond the tip of
the 26-gauge guide cannula. All microinjections were delivered over
the course of 1 min. Afterinfusion, injectors were left in place for 2 min
toallow for complete drug diffusion. For D3R functional disconnection
procedures, mice were habituated 2 days before the experiment by
receiving aninfusion of vehicle (1% DMSO). Five minutes after theend
of the intra-mNAcSh injection, animals were placed in the open-field
arenas and running disk choice testing was conducted. Cannula place-
ments were verified by histology after injection of 300 nl (per hemi-
sphere) of red fluorescent retrobeads (Lumafluor).

D1R-NMDAR functional disconnection

For 2 days before the start of DIR-NMDAR operant procedures, mice
were habituated to handling and cannula manipulation. On the experi-
ment day, 350 nl per hemisphere of the competitive NMDAR antagonist
AP5 (700 ng per infusion, dissolved in 0.9% saline) was infused accord-
ingtothe same procedure as D3R pharmacologicalinactivation. Can-
nula placements and spread of infused AP5 were verified by histology
afterinjection of 300 nl per hemisphere of red fluorescent retrobeads
(Lumafluor).

Chemogenetic inhibition of Drd3-expressing mNAcSh MSNs
Drd3-Cre mice undergoing inhibitory DREADD testing were allowed to
recover for 4 weeks following viral injection before the start of experi-
ments. On the day before testing, mice received an intraperitoneal
injection of saline to habituate them with the injection procedure.
On the day of the experiment, the DREADD agonist CNO (Enzo Life
Sciences) was administered intraperitoneally 30 min before the run-
ning disks test. CNO solutions were intraperitoneally injected at 0.1 ml
solution per 10 g of mouse for afinal concentration of 1 mg per kg body
weight (in sterile saline).
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Drugs

(+)-PD-128907 hydrochloride (PD-128907, Tocris), ML417 (Sibley
Lab, NINDS) and SKF-81297 (Tocris) were dissolved in distilled water.
SCH-39166 (Tocris) was dissolved in DMSO. For electrophysiology
experiments, 1 mM PD-128907 and 1 mM SCH-39166 were diluted to a
final concentration of 1 uM in aCSF and 10 mM SKF-81297 was diluted
to a final concentration of 10 uM in aCSF. AP5 (Abcam) was diluted
in sterile 0.9% saline. SB-277011A (Tocris Biosciences) was dissolved
in 1% DMSO and administered at 10 uM. AP5 (Abcam) was diluted in
sterile 0.9% saline.

Quantification and statistical analysis

Data analysis was performed using GraphPad Prism 9.3.0. (Graph-
Pad Software). Data distribution was assumed to be normal, but this
was not formally tested. Paired t-tests were used for within-group
comparison of two treatments and an unpaired test was used for
comparison between two groups. Differences across more than two
groups were analyzed with a one-way ANOVA with Tukey’s or Dun-
net’s multiple-comparison post hoc test, a two-way ANOVA for data
with Tukey’s or Sidak’s multiple-comparison post hoc test for two
independent variables or a two-way repeated-measures 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. In the case of datasets with miss-
ing values, we analyzed the data instead by fitting a (one-way) mixed
model as implemented in GraphPad Prism 9.3.0. The Kolmogorov-
Smirnov test was used for cumulative probability plots. P values for
linear regressions were calculated by using Pearson’s correlation.
For each experiment, the values and definitions of sample size (n) are
explicitly explained in the corresponding figure legend, as well as in
Supplementary Table 1. Statistical significance was defined as*P < 0.05,
*P < 0.01,***P<0.001,***P<0.0001. R*represents a Pearson’s correla-
tion coefficient. Results are shown as the mean + s.e.m. unless stated
otherwise. Error bars represent the s.e.m. See Supplementary Table 1
for detailed statistics. No statistical method was used to predetermine
sample size. Sample sizes were based on pilot experiments, previous
experience with similar types of experiments and/or sample sizes
typical of the technique used in literature from the field. Data were
only excluded from the analyses for technical reasons, including mis-
placed viral injection, guide cannula, insufficient expression and a
changeinaccessresistance or cell health during electrophysiological
recordings. Allocation to groups or treatment was randomized, where
possible. Experimenters were not blinded in some cases during data
acquisition as some information was not blinded (for example, type
of virus injected). However, analyses were performed blinded to the
scorer and/or did not require manual scoring.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in the current study are available from the corre-
sponding author uponreasonable request. Outlines for brain regions
were acquired from Paxinos and Franklin’s the Mouse Brain in Stere-
otaxic Coordinates®. Allmouse and neuronillustrationsincludedin the
mainand extended data figures were created with BioRender.com dur-
ing the subscription period. Source data are provided with this paper.

Code availability

No custom code was generated for this study.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Genetic ablation of mNAcSh D3Rs does not affect
locomotion, anhedonia, social reward, anxiety or novel object-recognition.
a. (Left) Schematic depicting the strategy used to generate the Drd3""
conditional-knockout (cKO) mouse strain. loxP cassettes flanking the exon 1
were inserted in the coding region of the Drd3 gene that encodes the D3R
protein using homologous recombination approaches. (Right) Confirmation
ofthe inserted loxP sites within the chimeric animals by using PCR strategies
(see primersin purple). The successful insertion of the loxP elements was
confirmed by the presence of two PCR bands (fl/+lanes) versus a single band
inthe wildtype littermates (+/+lanes). b. Experimental timeline of behavioral
experiments. c. (Left) Timecourse of wheel-running activity for the entire
duration of the experiment (60 hrs) in WT-Cre (black, n =11), Drd3""-GFP

(red, n=7) and NAc-D3RcKO (blue, n =12) mice (two-way repeated measures
ANOVA: Time effect, F , g6 3473 = 18.12, P < 0.0001; treatment effect, F , ,;,=1.552,
P=0.2301; time x treatment, F 43 10413 = 1.633, P < 0.0001). L =Light; D=Dark.
(Right) Quantification of total revolutions per group during the entire 60 hr
period (one-way ANOVA followed by two-sided Dunnett’s test: F (, ,; =1.578.
Group comparisons, NAc-D3RcKO versus, WT-Cre, P = 0.285, NAc-D3RcKO
versus Drd3""-GFP, P = 0.0.2282). d. Length of visit (bout) to the fixed disk (top)
or freely-moving disk (bottom, putative running bout) across the running disks
sessionin WT-Cre (black, n =11) and NAc-D3RcKO (blue, n =12) mice (fixed disk:
two-way repeated measures ANOVA: Time effect, F; 449,26.65) = 1.906, P = 0.1736;
genotype effect, F ; ,,=0.00014, P = 0.9907; time x genotype, F;; ;5 =1.138,

P =0.3172; moving disk: two-way repeated measures ANOVA: Time effect, F ,g03,
1963 = 1.391, P = 0.2574; genotype effect, F; ,, = 7.456, P = 0.9907; time x genotype
Fu7,30=1.199, P = 0.2636). e. Number of entries into the fixed (top) or freely-
moving disk (bottom) across the running disks sessionin WT-Cre (black, n =11)
and NAc-D3RcKO (blue, n =12) mice (fixed disk: two-way repeated measures
ANOVA: Time effect, F 3339 66 59 = 23.39, P < 0.0001; F; 50, = 7.270, P = 0.0139;
time x genotype, F g 30 = 0.9697, P = 0.4944; moving disk: two-way repeated
measures ANOVA: Time effect, F o33 35,67 = 9.639, P = 0.0005; genotype effect,

F 1,20 =2.356, P =0.0404; time x genotype F ;g 350, = 0.9787, P = 0.4838).f. (Left)
Representative cumulative locomotion traces of open field activity in WT-Cre
(n =10 mice) and NAc-D3RcKO (n =12 mice) groups. (Middle) Quantification

of cumulative distance traveled (two-way repeated measures ANOVA: Zone

effect, F(; 33,1757 = 209.1, P < 0.0001; genotype effect, F; ;;,= 0.4217, P = 0.5247;
zone x genotype, F, 5, = 0.1721, P = 0.8426). (Right) Percentage of time spentin
the center during the open field test (unpaired t-test (two-tailed), t(17) = 0.9305;
P =0.3651). g. (Left) Percentage of sucrose preference in WT-Cre (black, n=12),
Drd3""-GFP (red, n = 7) and NAc-D3RcKO (blue, n =13) mice (one-way ANOVA
followed by two-sided Dunnett’s test: F, ,, = 2.713. Group comparisons, NAc-
D3RcKO versus, WT-Cre, P =0.0518, NAc-D3RcKO versus, Drd3""-GFP, P = 0.428
(Right) Overallintake in the sucrose preference test (one-way ANOVA followed
by two-sided Dunnett’s test: F, ,, = 2.904. Group comparisons, NAc-D3RcKO
versus, WT-Cre, P =0.0635, NAc-D3RcKO versus, Drd3""-GFP, P = 0.1606).

h. Social preference as reflected by the % time (test-habituation) spent
interacting with a novel, juvenile mouse in WT-Cre (black, n =12), Drd3""-GFP
(red, n=4)and NAc-D3RcKO (blue, n = 8) groups (one-way ANOVA followed

by two-sided Dunnett’s test: F, 5, = 0.2411. Group comparisons, NAc-D3RcKO
versus, WT-Cre, P = 0.8698, NAc-D3RcKO versus, Drd3"1-GFP, P = 0.7329).

i. Anxiety-like behavior as represented by the latency to enter dark chamber in
the light-dark box (left; one-way ANOVA followed by two-sided Dunnett’s test:
F(2,23)=0.1608. Group comparisons, NAc-D3RcKO versus, WT-Cre, P = 0.9391,
NAc-D3RcKO versus, Drd3""-GFP, P = 0.9449) or time spent in the light side of
the light-dark box (right; one-way ANOVA followed by two-sided Dunnett’s test:
F 2,23 = 0.04904. Group comparisons, NAc-D3RcKO versus, WT-Cre, P =0.9791,
NAc-D3RcKO versus, Drd3""-GFP, P = 0.9852) in WT-Cre (black, n =9), Drd3""-GFP
(red, n=8) and NAc-D3RcKO (blue, n = 9) mice.j. (Left) Time spent interacting
with each of the objects during the baseline period in WT-Cre (black, n =12),
Drd3""-GFP (red, n = 7) and NAc-D3RcKO (blue, n = 9) mice (two-way repeated
measures ANOVA: Object effect, F; ,5, = 1.418, P = 0.245; treatment effect, F,,
25=2.734,P=0.0844; object x treatment, F, ,5, = 0.1025, P = 0.903). (Right)
Preference for the novel object over a familiar one during the discrimination test
(one-way ANOVA followed by two-sided Dunnett’s test: F , ,5,= 0.8822. Group
comparisons, NAc-D3RcKO versus, WT-Cre, P = 0.8593, NAc-D3RcKO versus,
Drd3""-GFP, P = 0.3346). k. Schematic of combined viral spread map of local Drd3
cKO. Dark green indicates animals with most restricted expression and lighter
greenindicates animals with broader pattern of viral spread. All datain this figure
are presented as mean + SEM Error bars indicate SEM.
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and Extended Data Fig.1in WT-Cre (black, n =15) and NAc-D3RcKO (blue, n =11) P =0.0387; type of food x genotype, F(1,23)= 6.314, P = 0.0194). f Total food
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650~ 1.950, P =0.0034). b FR1 acquisition, as measured by the percentage of gPR3session lengthin WT-Cre (black, n =15) and NAc-D3RcKO (blue, n =11)
animals reaching the criteria of 70 active lever responses per session. (Inset) mice (two-way repeated measures ANOVA: Session effect, F; 709 35.46= 1.264,
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session) (unpaired t-test (two-tailed), t,,= 0.7272; P = 0.4741). c Percentage of F,45= 0.2682, P = 0.766). h PR7 session length in WT-Cre (black, n=15) and
active lever responses during FR1schedules in WT-Cre (black, n =15) and NAc- NAc-D3RcKO (blue, n =11) mice (two-way repeated measures ANOVA: Session
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x genotype, Fs ;1= 0.3905, P = 0.8545). d Total food consumed in choice chow asmean + SEM Error bars indicate SEM. Schematics were generated using
sessionin WT-Cre (black, n =15) and NAc-D3RcKO (blue, n =11) mice (unpaired BioRender.com.

t-test (two-tailed), t,4=0.9353; P = 0.3589). e (Left) Diagram of the FR5 choice
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the region analyzed (top) and confocal images showing the Drd3 expression
patterninthe mNAcShalong the dorsal-ventral and rostral-caudal axis (bottom).
DS =dorsal striatum; ICj =islands of Calleja; ICjM = major island of Calleja;
latNAcSh = lateral NAc shell. ¢ (Left) A virus encoding the anterograde tracer
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mice that express tdTomato in a Cre-dependent manner. (Right) Representative
images and quantification of tdTomato fibers in mNAcSh (n =4 mice), VP
(n=4mice), LH (n=4mice) and VTA (n =3 mice) regions (one-way ANOVA
followed by two-sided Tukey’s test: F 5 ;o= 14.66. Group comparisons, NAc versus,
VP,**P =0.0039, NAc versus LH, ***P = 0.0009, NAc versus VTA, ***P = 0.0004,

VP versusLH, P=0.2659, VP versus VTA, P = 0.0651, LH versus VTA, P = 0.8112).

d Representative images (top) and reconstructions (bottom) of VP, LH,and VTA
retrobead injection sites for experiments shown in Fig. 21. All datain this figure
are presented as mean + SEM Error bars indicate SEM.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article https://doi.org/10.1038/s41593-024-01819-9

a Drd3"" pathway-specific labeling

/P injection injection VTA injection

owT
@ Dra3"

Bregma + 1.69 Bregma + 1.69 Bregma + 1.69

Bregma + 1.42 Bregma + 1.42 Bregma + 1.42

Bregma + 1.18 Bregma +1.18 Bregma + 1.18

b C
Ai14 mouse tdTomato
AAV-GFP-Cre AAV-fDIO-Cre )
—
Q@
o
LL
Q
Z
<
o
Q
Qo
o
G
=
<
<
d , e
CAV-FIpO-GFP in VTA TH GFP Merge
7
N Qﬁé
Drd3" mouse
1000+ ™ = 4 ns
Q \9 o
E ° o X
£ 800 2|
; M S5
8 600 i N ‘
= ° ) 2 2 T
S 400 £ ° '
Z 200 ‘GE)
Anti-GFP T
T T 0 T T
° Control CAV-FIp-GFP GFP- GFP+

Extended Data Fig. 4 | See next page for caption.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01819-9

Extended Data Fig. 4 | Histological validation of our intersectional approach
for pathway-specific NAc Drd3 cKO. a. Viral injection placements for pathway-
specific deletion of NAc D3Rs experiment. For each manipulation representative
images of injection sites of CAV-Flp-GFP (left) and serial reconstructions of
tdTomato expression in the NAc (right) are shown. Each circle depicts the
position of the strongest tdTomato expression for each subject. b Scheme of the
experimental design to validate the lack of Cre leakage in our pathway-specific
strategy for the cKO of NAc Drd3. AAV8-Syn-GFP-Cre and AAV9-EF1a-fDIO-Cre
were injected in contralateral hemispheres of Ail4-tdTomato reporter mouse.
cRepresentative images showing colabeling of GFP and tdTomato in the
hemisphere injected with AAV-GFP-Cre (top) and lack of tdTomato expression

inthe hemisphere injected with AAV-fDIO-Cre (bottom). d Scheme of the
experimental design to address the potential toxicity of CAVinjection in DA
cell degeneration of the VTA. CAV-FIpO-GFP was injected in the VTA and slices
containing the VTA were immunostained for TH and GFP. e Representative
images of TH expression and GFP labeling in the VTA. Filled arrows indicate
double positive GFP and TH neurons; empty arrows indicate single-positive TH
neurons (that is GFP-negative). f (Left) Quantification of number of TH-positive
cellsin control (n=4) and injected (n = 4) mice (unpaired t-test (two-tailed),
t= 0.4512; P = 0.6677). (Right) TH integrated density in GFP-negative or
GFP-positive cells (unpaired t-test (two-tailed), t ;= 1.698; P = 0.1404). All datain
this figure are presented as mean + SEM Error bars indicate SEM.
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Extended Data Fig. 5| NAc D3R function supports running and working for
reward, but does not regulate acquisition of reinforcement. a. Wheel running
activity for pathway-specific deletion of NAc D3Rs (WT, n = 15 mice; Drd3"" -VP,
n=7mice; Drd3""-LH, n = 6 mice; Drd3""-VTA, n = 9 mice). (Left) Timecourse

of running activity during the complete 60-hr experiment (two-way repeated
measures ANOVA: Time effect, F(, 13 453= 0.3719, P < 0.0001; treatment effect,
F3,34=2.361,P=0.0887; time x treatment, F 5,57 54446)= 1.538, P < 0.0001). (Right)
Quantification of total revolutions during the 60-hr period (one-way ANOVA
followed by two-sided Dunnett’s test: F; 5;= 3.556. Group comparisons, WT
versus Drd3""-VP, P = 0.4806, WT versus Drd3""-LH, P = 0.1265, WT versus
Drd3""-VTA, P =0.0903). b Body weight changes at baseline before food
deprivation and across the overall duration of operant conditioning procedures
inFig. 3 (WT, n=11mice; Drd3""-VP, n = 7 mice; Drd3""-LH, n = 6 mice; Drd3""-
VTA, n=7 mice) (two-way repeated measures ANOVA: Session effect, F s gss 157
=8.340,P < 0.0001; treatment effect, F; g5,= 0.7685, P = 0.5118; session x
treatment, Fg; g5,= 0.8500, P = 0.8212). c FR1acquisition, as measured by the
percentage of animals reaching the criteria of 70 active lever responses per
session. d Percentage of active lever responses during FR1schedules (WT,n=11
mice; Drd3""-VP, n =7 mice; Drd3""-LH, n = 6 mice; Drd3""-VTA, n = 7 mice)
(two-way repeated measures ANOVA: Session effect, F 3 45 g5.73= 16.46, P <0.0001;
treatment effect, F; ,,= 2.953, P = 0.0511; session x treatment, F(15,123)=1.975,
P =0.0221). e Lever presses during FR5 acquisition sessions (WT, n = 11 mice;
Drd3""-VP,n =7 mice; Drd3""-LH, n = 6 mice; Drd3""-VTA, n = 7 mice)

(two-way repeated measures ANOVA: Session effect, F , s, 120=10.98, P <0.0001;
treatment effect, F; ,5= 2.718, P = 0.0635; session x treatment, F 5, ,5;,= 2.247,
P=0.0004). fTotal food consumed in choice chow session (WT, n =11 mice;
Drd3""-VP,n=7mice; Drd3""-LH, n = 6 mice; Drd3""-VTA, n = 7 mice)

(one-way ANOVA followed by two-sided Dunnett’s test: F (3,28) = 2.347. Group
comparisons, WT versus Drd3""1-VP, P = 0.8858, WT versus Drd3"-LH, P = 0.9406,
WT versus Drd3""-VTA, P = 0.1408). g (Top) Diagram of the FR5 choice pellet
session. (Bottom) Amount of food consumed which s represented as either

FR5 effort-based (solid) or freely-available chocolate pellets (checkered)

(WT, n =11 mice; Drd3""-VP,n =7 mice; Drd3""-LH, n = 6 mice; Drd3""-VTA,

n =7 mice) (two-way repeated measures ANOVA: Type of food effect,
F,27=0.6669, P =0.4213; treatment effect, F; ,;,=2.258, P = 0.1044; type of food
xtreatment, F; ,,= 3.256, P = 0.037). h Effects of region-specific D3R cKO on total
consumption of chocolate pellets in a FRS5 choice pellet session (WT, n = 11 mice;
Drd3""-VP, n =7 mice; Drd3""-LH, n = 6 mice; Drd3""-VTA, n = 7 mice; one-way
ANOVA: followed by two-sided Dunnett’s test F; ,,,=2.258, Group comparisons,
WT versus Drd3""-VP, P = 0.4806, WT versus Drd3""-LH, P = 0.1265, WT versus
Drd3"1-VTA, P =0.0903). i Break points during the PR3 reinforcement schedule
for VP-, LH-, and VTA-specific D3R cKO versus WT controls (two-way repeated
measures ANOVA: Session effect, F; 49, 41.00= 3.086, P = 0.0702; treatment effect,
F3,3=0.6072, P =0.6153; session x treatment, F 4 55,= 0.8598, P = 0.5302). All data
in this figure are presented as mean + SEM Error bars indicate SEM. Schematics
were generated using BioRender.com.
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Extended DataFig. 6 | Activation of mNAcSh D3R decreases GABA release
probability presynaptically onto both D1-and D2-MSNs. a Mean baseline
olIPSC amplitude (pA) for Cre-OFF (white bar, n =15 cells from 7 mice) and Cre-ON
(blue bar, n =16 cells from 9 mice) evoked in mNAcSh MSNs (unpaired t-test
(two-tailed), t,0)= 3.420; **P = 0.0019). b Timecourse of olPSCs in mNAcSh MSNs
before, during and after bath application of the D3R-selective agonist ML417

(1 pM) in Drd3-Cre mice expressing Cre-dependent ChR2 (blue, n =11 cells from

8 mice). (Inset) Representative olPSC traces recorded in mNAcSh MSNs before
and after bath application of ML417. ¢ Paired-pulse ratio (PPR, % baseline) versus
olPSC (% baseline) after ML417 application (n =11 cells from 8 mice). d Coefficient
of variation (1/CV?, % baseline) versus olPSC (% baseline) after ML417 application
(n=11cells from 8 mice). e Representative traces of sSIPSCs during baseline

(BL, black) and after bath-application of the D3R-selective agonist PD-128907
(PD, blue). f Cumulative probability of sIPSC inter-event interval (left;
Kolmogorov-Smirnov test, ks =36.740988, P < 0.0001) and amplitude

(right; Kolmogorov-Smirnov test, ks =2.401130, P < 0.0001) recorded from
mNAcShMSNs (n =12 cells from 7 mice). (Inset) Quantification of frequency
(paired t-test (two-tailed), t ;= 3.131;**P = 0.0096) and amplitude (paired t-test
(two-tailed), t ;= 1.851; P = 0.0912) of sIPSCs events during baseline and after
PD-128907 application. g Rise (left; paired t-test (two-tailed), t;;= 0.3225;

P =0.7531) and decay time (right, paired t-test (two-tailed), t;;,=1.029; P = 0.3256)

5 min
of sIPSC events during baseline and after PD-128907 application (n =12 cells
from 7 mice). h Time-course of oIPSCs before, during and after bath application
of PD-128907 in mNAcSh D1R-positive (red, n =12 cells from 5 mice) and DIR-
negative neurons (putative D2-MSNs) (blue, n =11 cells from S mice) in the Cre-ON
condition (two-way repeated measures ANOVA: Time effect, F 5 ggg g1.65= 42.52,

P <0.0001; cellidentity effect, F; ,,= 0.7339, P = 0.4013; time x cell identity,
F19,309= 0.9070, P = 0.5744). (Inset) Representative olPSCs traces recorded in
mNAcSh D1- and D2-MSNs before and after bath application of PD-128907.
iBar-graph quantification of oIPSC inhibition after PD-128907 applicationin
DIR-positive (n =12 cells from S mice) and D1R-negative (n =11 cells from 5 mice)
mNAcSh MSNs (unpaired t-test (two-tailed), t,;= 0.9825; P = 0.337). j Schematics
of experiment to determine regulation of ex-vivo cAMP signaling by D3Rs. (Left)
Drd3-Cre mice (n = 5) weinjected with AAV1-hSyn-DIO-cADDs in the mNAcSh
and slices containing the mNAcSh were imaged on a two-photon microscope.
(Right) Representative images of cADDis expression in the mNAcSh (left) and
40X magnification (right). k Diagram showing the experiment setup. Bath-
application of DA in the presence of SCH-39166, a DIR antagonist, inhibited CAMP
levels through D3R signaling. I Timecourse of cADDis fluorescence changes
before and after DA application. Forskolin was added after the experiment to
confirm the specificity of changes in fluorescence. All datain this figure are
presented as mean + SEM Error bars indicate SEM.
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Extended Data Fig. 7| Unilateral suppression of D3R signaling does not disrupt
motivated running behavior. a Quantification of time spent in the freely-
moving and fixed disk and revolutions for Drd3"" mice expressing unilateral Cre
recombinase (n = 7 mice) (paired t-test (two-tailed), t ;= 5.129; **P = 0.0022).
bSameasin (a) but for WT control mice unilaterally infused with SB-277011A
into the mNAcSh (n =4 mice) (paired t-test (two-tailed), t;=3.570; *P = 0.0376).
cSchematic (top) and representative image (bottom) of viral expression of
AAV5-hSyn-DIO-mCherry in the mNAcSh of Drd3-Cre mice. d (Left) Percentage
oftime spent on fixed or freely-moving disk during the running disk task
formCherry (n =7 mice) and hM4Di (n = 7 mice) groups. (two-way repeated
measures ANOVA: Disk effect, F; ,,= 36.29, P < 0.0001; treatment effect,

F,.49=8.250,P=0.0084; disk x treatment, F; ,,= 6.752, P = 0.0158). (Right)
Running behavior as represented by the number of revolutions registered in the
freely moving disk (unpaired t-test (two-tailed), t,=2.581; *P = 0.024) (mCherry
Control, n=7 mice; hM4Di, n =7 mice). e (Left) Quantification of cumulative
distance traveled in each zone during the open-field test (two-way repeated
measures ANOVA: Zone effect, F; 30 1475= 131.1, P < 0.0001; treatment effect,
Fu12=2.206,P =0.1632; zone x treatment, F, ,,,=2.177,P = 0.1353) (mCherry
Control, n=7 mice; hM4Di, n =7 mice). (Right) Percentage of time spent in center
(unpaired t-test (two-tailed), t,=1.428; P = 0.1788) (mCherry Control, n =7 mice;
hM4Di, n =7 mice). All datain this figure are presented as mean + SEM Error bars
indicate SEM.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| cKO of mNAcSh D1Rs do not disrupt motivated,
anxiety-like or social reward or sucrose preference. a (Left) Time course of
wheel-running activity across the entire duration of the experiment (60-hrs) for
WT (n=11mice), NAc-D3RcKO (n =12 mice) and NAc-DIRcKO (n = 8 mice) groups
in 5 min bins (two-way repeated measures ANOVA: Time effect, F s s 4343 =20.27,
P <0.0001; genotype effect, F, ,5 =1.738, P = 0.1943; time x genotype, F(1438,
20132) =1.513, P < 0.0001). (Right) Quantification of total revolutions across

the 60 hr period (one-way ANOVA: followed by two-sided Dunnett’s test,
F5,2)=1.197, Group comparisons, NAc-DIRcKO vs WT, P = 0.6507, NAc-D1RcKO
vs NAc-D3RcKO, P = 0.7421). b (Left) Percentage of sucrose preference for WT
(n=12mice), NAc-D3RcKO (n =13 mice) and NAc-D1RcKO (n = 7 mice) groups
(one-way ANOVA: followed by two-sided Dunnett’s test, F, ,5, = 2.937, Group
comparisons, NAc-DIRcKO vs WT, P = 0.752, NAc-D1RcKO vs NAc-D3RcKO,

P =0.2671). (Right) Overall water and sucrose intake (one-way ANOVA: followed
by two-sided Dunnett’s test, F, »,, = 2.941, Group comparisons, NAc-DIRcKO vs
WT, P =0.1447, NAc-DIRcKO vs NAc-D3RcKO, P = 0.9841). ¢ Social preference as
reflected by the % time (test-habituation) spent interacting with a novel, juvenile
mouse (WT, n =12 mice; NAc-D3RcKO, n =8 mice and NAc-DIRcKO, n = 8 mice)
(one-way ANOVA: followed by two-sided Dunnett’s test, F, ,5,= 0.1187, Group
comparisons, NAc-D1IRcKO vs WT, P = 0.9026, NAc-D1RcKO vs NAc-D3RcKO,

P =0.9971).d Anxiety-like behavior as represented by the time spent in the light
side of the box (WT, n =9 mice; NAc-D3RcKO, n = 9 mice and NAc-D1RcKO,n=6
mice) (one-way ANOVA: followed by two-sided Dunnett’s test, F, ,,,= 0.1626,
Group comparisons, NAc-DIRcKO vs WT, P = 0.7825, NAc-DIRcKO vs NAc-D3RcKO,

P=0.902). e (Left) Time spentinteracting with each of the objects during the
baseline period of the novel object recognition test (two-way repeated measures
ANOVA: Object effect, F; 5, =1.381, P =0.2506; genotype effect, F ,, =1.187,
P=0.3212; object x genotype, F, ,,,= 0.06934, P = 0.9332). (Right) Preference

for the novel object over a familiar one during the discrimination session
(one-way ANOVA: followed by two-sided Dunnett’s test, F, ,,,= 0.4785, Group
comparisons, NAc-DIRcKO vs WT, P = 0.8305, NAc-D1RcKO vs NAc-D3RcKO,

P =0.5168) (WT, n =12 mice; NAc-D3RcKO, n =9 mice and NAc-DIRcKO,n=8
mice). f(Left) Quantification of trial outcome (avoidance or shock responses)
upon re-exposure to the platform-mediated avoidance task on day 2 (two-way
repeated measures ANOVA: Outcome effect, F(1,35)=77.30, P < 0.0001; genotype
effect, F( 35= 0.000, P> 0.9999; outcome x genotype, F, 35,=7.892, P=0.0015)
(WT, n=12 mice; NAc-D3RcKO, n =9 mice and NAc-DIRcKO, n =17 mice). (Right)
Overall time spent on platform (Day 2) as percentage of test time (one-way
ANOVA: followed by two-sided Dunnett’s test, F, ;5= 7.912, Group comparisons,
NAc-DIRcKO vs WT, **P = 0.0014, NAc-D1RcKO vs NAc-D3RcKO, *P = 0.0201).

g (Left) Absolute number of active lever responses in FR1 sessions for DIR-
NMDAR disconnection experiments. AP5 infusion was performed on Day 2 of FR1
(unpaired t-test (two-tailed), t ;= 4.933; **P = 0.0003) (Ipsilateral, n = 8 mice;
contralateral, n =7 mice). (Right) Correlation between number of AL presses on
Day1land changein active lever presses on Day 2 (APS5 challenge) (simple linear
regression, F; ;= 0.05037, P = 0.8265). All datain this figure are presented as
mean + SEM Error bars indicate SEM.
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performed a priori.

Mice without correct targeting of viral expression, cannula placements and/or tracers were excluded from this study. For ex-vivo
electrophysiology experiments, recordings were rejected when the access resistance increased by >20% during the experiment.
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Animals and other organisms

Dual use research of concern

Antibodies used

Validation

Primary antibodies used in this study include rabbit anti-TH monoclonal (1:1000; PelFreez Biologicals; P40101-150) and chicken anti-
GFP antibody (1:1000; Abcam, ab13970). Fluorophore-conjugated secondary antibodies and include Goat-anti-chicken Alexa Fluor
488 (1:500, Abcam, ab150173) and donkey anti-rabbit Alexa Fluor 594 (1:500, Jackson Immuno, 711-585-152)

All primary antibodies were suitable for IHC according to the vendor. Anti-TH antibody selectively stained VTA and SNc along the
midbrain in our hands. Anti-GFP antibody stained selectively in virus infected area in our hands, and was validated according to the
manufacturer's website by obtaining positive staining in GFP transfected in HEK-293E cells while no signal in non-transfected cells

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Drd3fl/fl mice were kindly provided by Z. Freyberg and and maintained in the C57BL/6J genetic background at NIMH facilities.
Drd1afl/fl mice were acquired from The Jackson Laboratory (JAX, 025700). Drd1la-tdTomato were acquired from Jackson
Laboratories (JAX, 016204) and Drdla-tdTomato/Drd3-Cre mice were bred in NIMH facilities. Drd3-Cre mice were obtained from
GENSAT (founder line KI196). In addition, we used Ail4 (JAX, 007914), ROSA26-FIpER (JAX, 018906) and wild-type (WT; C57BL/6J,
JAX, 000664) mice. Mice used in this study were group housed under a reverse 12-h light-dark cycle (8 p.m. to 8 a.m. light), at
temperature of 70-74°F and 40-65% humidity, with food and water ad libitum. Wheel running experiments required single housing
prior the start of experiments and operant conditioning experiments required single housing and food restriction. For all strains,
mice (females and males) were aged 8-20 weeks at the start of the experiments.

No wild animals were used in this study.
Both female and male mice were used for all experiments.
No field-collected samples were used in this study.

All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the
National Institute of Mental Health (NIMH) Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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