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In brief

Soares-Cunha et al. show that
optogenetic modulation of nucleus
accumbens D2-MSN to ventral pallidum
projections during different stages of
motivated behavior has contrasting
effects in motivation: cue-paired optical
activation of D2-MSN-VP inputs
increases motivation to work for food,
whereas reward-paired activation
reduces motivation.
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SUMMARY

The nucleus accumbens (NAc) is a key region in motivated behaviors. NAc medium spiny neurons (MSNs) are
divided into those expressing dopamine receptor D1 or D2. Classically, D1- and D2-MSNs have been
described as having opposing roles in reinforcement, but recent evidence suggests a more complex role
for D2-MSNs. Here, we show that optogenetic modulation of D2-MSN to ventral pallidum (VP) projections
during different stages of motivated behavior has contrasting effects in motivation. Activation of D2-MSN-
VP projections during a reward-predicting cue results in increased motivational drive, whereas activation
at reward delivery decreases motivation; optical inhibition triggers the opposite behavioral effect. In addition,
in a free-choice instrumental task, animals prefer the lever that originates one pellet in opposition to pellet
plus D2-MSN-VP optogenetic activation and vice versa for optogenetic inhibition. In summary, D2-MSN-
VP projections play different, and even opposing, roles in distinct phases of motivated behavior.

INTRODUCTION

The nucleus accumbens (NAc) is key in regulating reward-
seeking and motivated behaviors (Berridge, 2012; Soares-Cu-
nha et al., 2016a). In vivo electrophysiological studies show
that NAc neurons encode both the predictive value of environ-
mental stimuli and the specific motor behaviors required to
respond to them (Carelli, 2002; Nicola et al., 2004). Interestingly,
with learning, NAc neurons, particularly those located in the core,
develop responses to cues predicting rewards (Ambroggi et al.,
2011).

The NAc receives dopamine (but not only) signals from the
ventral tegmental area (VTA), which acts predominantly via D1 or
D2 dopamine receptors that are expressed by largely non-over-
lapping populations of medium spiny neurons (MSNs) (Gerfen
and Surmeier, 2011). These two MSN sub-populations project to
different outputs: D1-MSNs project to the VTA, while both D1-
and D2-MSNs project to the ventral pallidum (VP) (Kupchik et al.,
2015; Lu et al., 1997). Initial studies suggested that different NAc
MSN subtypes play distinct and opposing roles in motivated be-
haviors: optical activation of D1-MSNs is rewarding, while activa-
tion of D2-MSNs is aversive (Kravitz et al., 2012; Lobo et al., 2010).
However, other studies challenged this opposing view and
showed that NAc D2-MSN optical stimulation promotes self-stim-
ulation (Cole et al., 2018). In addition, we showed that brief optical
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activation of D2-MSNs paired with a reward-predicting cue en-
hances motivation to obtain food rewards (Soares-Cunha et al.,
2016b, 2018). Part of this behavioral effect was triggered by a tran-
sient decrease in the activity of VP GABAergic neurons that re-
sulted in the disinhibition of VTA dopaminergic activity (Soares-
Cunhaetal., 2018, 2020), which is known to increase motivational
levels (Ferguson et al., 2020; llango et al., 2014; Mohebi et al.,
2019). However, others showed that chemogenetic inhibition of
D2-MSNs during a progressive ratio task enhances motivation,
without affecting sensitivity for reward devaluation (Carvalho
Poyraz et al., 2016), and causes animals to initiate more frequently
behavior without goal-directed efficiency (Gallo et al., 2018), an ef-
fect caused by disinhibition of VP GABAergic activity (Gallo et al.,
2018). These studies and others support the importance of NAc-
VP inputs and that VP is a critical interface between reward pro-
cessing and motor output (Chang et al.,, 2018; Ottenheimer
etal.,, 2018).

Previous data presented conflicting results regarding D2-
MSNSs’ role in motivation (Carvalho Poyraz et al., 2016; Cole
et al.,, 2018; Gallo et al., 2018; Soares-Cunha et al., 2016b,
2018), suggesting that these neurons play distinct roles in
different stages of motivated behavior. Thus, in order to better
understand the contribution of D2-MSN-VP projections in
reward-related behaviors, we performed optical manipulation
of these inputs during specific segments of behavior. We show
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Figure 1. Optogenetic activation of D2-MSN-VP terminals during cue exposure increases motivation

(A) Strategy used for NAc D2-MSN-VP projection optogenetic stimulation and electrophysiological recordings in the VP.

(B and C) Representative immunofluorescence for YFP expression (B) in the NAc and (C) in terminals in the VP; scale bars represent 400 um; AP, anteroposterior.
(D) Pie chart of VP neurons responding to D2-MSN optical stimulation (473 nm, 1 s at 20 Hz, 25-ms light pulses, and 50% duty cycle).

(E) VP firing rate (n = 30 neurons/4 rats) in baseline, during optical stimulation, and afterward.

(F) Peristimulus time histogram (PSTH) of temporal variation of the normalized activity of VP neurons that increase (green; n = 3 neurons), decrease (red; n = 15
neurons), and do not change activity (gray; n = 12 neurons) during the stimulation period (blue).

(G) Schematic representation of the PR session with optogenetic activation of D2-MSN-VP (20 pulses of 25 ms at 20 Hz) at cue light presentation.

(legend continued on next page)
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that D2-MSN-VP projections bidirectionally modulate motivated
behavior, depending on the timing of stimulation: activation of
D2-MS-VP inputs during cue exposure increases motivation,
while activation at reward delivery decreases motivation in
distinct behavioral paradigms.

RESULTS

Optogenetic activation of D2-MSN terminals modulates
ventral pallidum activity

We unilaterally injected an AAV5 containing channelrhodopsin
(ChR2) in fusion with enhanced yellow fluorescent protein
(EYFP) under the control of the dopamine receptor D2 minimal
promoter inthe NAc of wild-type rats (D2-ChR2 group; Figure 1A),
which allows specific manipulation of D2* neurons. Control group
was injected with an AAV containing EYFP (D2-YFP; Figures STA
and S1B). Expression of YFP was observed in cell bodies in the
NAc (Figure 1B) and in D2-MSN terminals in the VP (Figure 1C).
Viral specificity was also confirmed (Figure S1C), and results
were in line with those previously reported for this viral construct
(Soares-Cunha et al., 2018; Zalocusky et al., 2016).

We next used single-cell in vivo electrophysiology in anesthe-
tized rats to evaluate optically evoked response of VP neurons
to D2-MSN terminal activation (473 nm, 1 s at 20 Hz, 20 pulses
of 25 ms, 50% duty cycle; 10 mW at the tip of the implanted
fiber; Figure 1D). Half of VP recorded neurons decreased firing
rate (considering the criteria of <20% below average baseline
activity), 10% increased firing rate (at least >20% above
average baseline activity), and 40% presented no change in
comparison with baseline (Figure 1D). As a consequence, the
net firing rate of VP significantly decreased during stimulation
in comparison with baseline activity (Figure 1E; p = 0.0339).
We also grouped neurons according to their type of response
to the optical stimulation: increased activity; decreased activity;
and no change in activity. As depicted in Figure 1F, excitatory
and inhibitory responses were time locked to the stimulation
period. After stimulation, VP firing rate returned to baseline
levels (p = 0.608).

Cue-paired optogenetic activation of D2-MSN-VP
projections increases motivation

To better understand the role of D2-MSN-VP terminals in moti-
vated behaviors, we tested D2-ChR2 animals in a progressive-
ratio (PR) task that has one lever associated with reward delivery
(correct lever) and another lever that yields no reward (incorrect
lever; Figure 1G). Each trial begins with turning ON of a cue light
located above the correct lever. Throughout the session, animals
have to increase the number of lever presses to get one reward.
The breakpoint is considered the last completed ratio in the ses-
sion, which is the maximum number of lever presses that a sub-
ject is willing to perform to obtain a reinforcer (Richardson and
Roberts, 1996; Sharma et al., 2012). Optical stimulation of D2-
MSN-VP terminals was given in the cue-exposure period.
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During continuous reinforcement (CRF) training (with no stim-
ulation), both D2-ChR2 and D2-YFP groups increased lever
pressing throughout days in a similar manner (p = 0.7246; Fig-
ure 1H). In the fixed-ratio (FR) schedule days, all animals
increased lever pressing in the correct versus incorrect lever
(p < 0.0001; Figure 1l).

After stable lever pressing, animals proceeded to the PR ses-
sion, in which they received optical stimulation of D2-MSN ter-
minals in the VP paired with the cue light period. D2-MSN-VP
stimulation induced a significant increase in the total number
of lever presses (D2-ChR2 ON versus OFF; p = 0.0009; Figures
1J and S1D). D2-ChR2-stimulated animals increased break-
point in 57.7% in comparison with D2-YFP-stimulated rats
(p = 0.0014; Figure 1K). All D2-ChR2 rats showed a significant
increase in breakpoint in the session with optical stimulation
(ON) in comparison with the session without optical stimulation
(OFF) (p = 0.0234; Figure 1L). The number of pellets earned was
also significantly higher in D2-ChR2 rats in the ON session (p =
0.031; Figure S1E). Importantly, lever pressing occurring during
the inter-trial interval (ITl) was residual and similar between all
groups (~3.5 times less lever presses/min than during trials;
Figure S1F). When optogenetic activation occurred during the
ITl, no differences were observed between D2-ChR2 and D2-
YFP animals (Figures S1G-S1L). D2-YFP animals presented
no changes in the session of optical stimulation (ON) in com-
parison with the session without optical stimulation (OFF), as
expected.

These results show that cue-paired optogenetic activation of
D2-MSN-VP projections increases motivation.

Optogenetic inhibition of D2-MSN terminals modulates
ventral pallidum activity

Next, we performed D2-MSN-VP inhibition experiments us-
ing a similar strategy as optical excitation experiment. For
the optogenetic inhibition of D2* neurons, we unilaterally in-
jected an AAV5 containing halorhodopsin (NpHR) in fusion
with EYFP under the control of the dopamine receptor
D2 minimal promoter in the NAc of wild-type rats (D2-
NpHR group; Figure 2A). Controls were injected with an ad-
eno-associated virus (AAV) containing EYFP (D2-YFP). We
next evaluated optically evoked response of VP neurons to
D2-MSN terminal inhibition (589 nm, 4 s of constant light,
and 10 mW of light at the tip of the implanted fiber) using
single-cell in vivo electrophysiology in anesthetized rats (Fig-
ure 2A). Thirty-one percent of VP-recorded neurons
decreased firing rate, 20.7% increased firing rate, and
48.3% presented no change in comparison with baseline
(Figure 2B). The net firing rate (all neurons) of VP did not
change during stimulation in comparison with baseline activ-
ity (Figure 2C). However, by separating neurons into those
that increase or decrease activity to stimulation, a significant
effect was observed (p value refers to comparison
before stimulation and during stimulation; increase activity,

(H and I) CRF training sessions (H) and FR training sessions (I), showing no differences between groups.

(J) Total number of lever presses in the PR session with optical stimulation of D2-MSN-VP inputs during cue period.

(K and L) Increased breakpoint in the PR session of D2-ChR2 animals in comparison with D2-YFP. npa_chre = 10; Npa.vrp = 9.
Error bars denote SEM. *p < 0.05; **p < 0.01; **p < 0.001. See also Figure S1 and Table S1.
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Figure 2. Optogenetic inhibition of D2-MSN-VP terminals during cue exposure decreases motivation
(A) Strategy used for optogenetic inhibition of D2-MSN-VP terminals and electrophysiological recordings in the VP.
(B) Pie chart of VP neurons responding to D2-MSN optical inhibition (589 nm, 4 s of constant light).

(C) VP firing rate (n = 58 neurons/4 rats).

(D) PSTH of temporal variation of the normalized activity of VP neurons that increase (green; n = 18 neurons), decrease (red; n = 12 neurons), and do not change

activity (gray; n = 28 neurons) during the stimulation period (blue).

(E) Schematic representation of the PR session with optogenetic inhibition of D2-MSN-VP (4 s of constant light at 10 mW) at cue light presentation.
(F and G) CRF training sessions (F) and FR training sessions (G), showing no differences between groups.

(H) Total number of lever presses in the PR session with optical inhibition of D2-MSN-VP inputs during cue period.

(I and J) Decreased breakpoint in the PR session of D2-NpHR animals in comparison with D2-YFP group. Nps.nprr = 10; Npoovep = 9.

Error bars denote SEM. *p < 0.05; *p < 0.01; **p < 0.001. See also Figure S2 and Table S1.

p = 0.0004; decrease activity, p = 0.0059; no change in ac-
tivity; Figure 2D).

Cue-paired optogenetic inhibition of D2-MSN-VP
projections decreases motivation

We next performed the training for the PR test. D2-NpHR and
D2-YFP rats presented a similar rate of lever pressing in the
training sessions. During CRF training, both groups increased
lever pressing similarly across days of training (p = 0.6837; Fig-
ure 2F), and all animals increased lever pressing in the FR
schedule in the correct versus incorrect lever (p < 0.0001; Fig-
ure 2G). D2-MSN-VP optical inhibition (589 nm, 4 s of constant
light, and 10 mW of light at the tip of the implanted fiber) during
cue light period of the PR session induced a significant decrease
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in the total number of lever presses (D2-NpHR ON versus OFF;
p = 0.0448; Figures 2H and S2A). This was translated into a
33.5% decrease of the breakpoint of D2-NpHR group in com-
parison with D2-YFP-stimulated rats (p = 0.0009; Figure 2I). All
D2-NpHR rats displayed a significant decrease in breakpoint in
the ON session in comparison with the OFF session (p =
0.0106; Figure 2J). D2-NpHR rats earned less pellets in the ON
session comparing with the OFF session, though not statistically
significant (p = 0.0653; Figure S2B). Lever pressing during the ITI
was residual and similar between groups (Figure S2C). Optoge-
netic inhibition of D2-MSN-VP inputs during the ITI did not
induce differences in the breakpoint (Figures S2D-S2I).

These results support that cue-paired optogenetic inhibition of
D2-MSN-VP projections decreases motivation.
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Figure 3. Optogenetic modulation of D2-MSN-VP terminals at reward delivery decreases motivation

(A) Rats were tested in a PR session with optogenetic activation paired with reward delivery.

(B) Total number of lever presses in the PR session, showing reduced lever pressing in D2-ChR2 animals in the ON versus OFF session.

(C and D) Breakpoint in the PR sessions, showing decreased motivation of D2-ChR2 animals; (C’) breakpoint in the PR sessions with optical stimulation at cue

exposure and reward delivery is shown.

(E) Another group of rats was tested in a PR session with optogenetic inhibition of D2-MSN-VP inputs paired with reward delivery.

(F) Total number of lever presses in the PR session, showing increased lever pressing in D2-NpHR animals in the ON versus OFF session.

(G and H ) Increased breakpoint in the PR session of D2-NpHR animals in comparison with D2-YFP group, when D2-MSN-VP stimulation occurs at reward
delivery; (G) breakpoint in the PR sessions with optical inhibition at cue exposure and reward delivery is shown. nps.chrz = 10; Npa-npHr = 10; Npo-yep = 9.
Error bars denote SEM. *p < 0.01; *p < 0.01; **p < 0.001. See also Figure S3 and Table S1.

Optogenetic modulation of D2-MSN-VP projections
during reward delivery alters motivation in the PR test
Since there is some evidence that D2-MSNs activity changes
throughout different stages of reward-related behaviors (Calipari
et al., 2016; Lafferty et al., 2020; Natsubori et al., 2017), we
decided to pair D2-MSN-VP projection activation and inhibition
with reward (pellet) delivery (Figures 3A and 3E) during the PR
test. Contrary to the effects of optical stimulation during the
cue period, D2-ChR2 animals presented a reduced number of
total lever presses in the PR session with optical stimulation
paired with reward delivery, in comparison with D2-YFP
animals (29.4% less; D2-ChR2 reward versus D2-YFP reward:
p = 0.0305; Figures 3B and S3A). In comparison with D2-YFP,
D2-ChR2 presented a 34% reduction in breakpoint (p =
0.0003; Figures 3C and 3D). In addition, D2-ChR2 animals pre-
sented a significantly lower breakpoint in comparison with the
PR session in which they received optical activation paired
with cue light exposure (p = 0.0004; Figure 3C’). The number of
food pellets earned by D2-ChR2 rats in the ON session in com-
parison with the OFF session was significantly lower (p = 0.0370;
Figure S3B). The number of lever presses occurring during ITI
was similar between groups (Figure S3C).

In another group of animals, we optically inhibited D2-MSN-
VP inputs during reward delivery. Optical inhibition paired with
reward delivery significantly increased the number of total
lever presses in comparison with D2-YFP (128% increase;
p = 0.0005; Figures 3F and S3D). As compared with D2-
YFP, there was a 100.1% increase in breakpoint (p <
0.0001; Figure 3G). Plus, D2-NpHR animals presented a signif-
icantly higher breakpoint in comparison with the PR session in
which they received optical inhibition paired with cue-light
exposure (p < 0.0001; Figure 3G’). There was also a significant
increase in the breakpoint in the ON session in comparison
with the OFF session (p = 0.0035; Figure 3H). The number of
food pellets earned by D2-NpHR rats in the ON session was
significantly higher (p = 0.0048; Figure S3E). The number of
lever presses occurring during ITl was similar between groups
(Figure S3F).

These results show that D2-MSN-VP modulation in different
stages of the PR test can lead to distinct outcomes: increased
activity of D2-MSN-VP projections during the cue period en-
hances motivation while activation during reward delivery
leads to reduced motivation and vice versa for D2-MSN-VP
inhibition.

Cell Reports 38, 110380, February 15,2022 5
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Optogenetic activation of D2-MSN-VP projections

paired with reward decreases preference

Considering the previous results suggesting a different role of
D2-MSN-VP projections in different stages of the PR test, we
evaluated animals in a two-lever, free-choice behavioral para-
digm (Robinson et al., 2014). In this task, animals have available
two levers that deliver one food pellet each; however, one lever is
randomly assigned to optically stimulate D2-MSN-VP projec-
tions (stim+), while the other lever is assigned to deliver the
pellet alone (stim—; Figure 4A). Throughout the session, animals
can press either lever ad libitum; pressing one lever in one trial
does not exclude the possibility of pressing the other lever in
the following trial.

Through the acquisition days, D2-ChR2 rats showed a clear
preference for pressing the stim— lever in comparison with the
stim+ lever (p < 0.0001; Figure 4B), which resulted in receiving
significantly more pellet rewards in comparison with pellet +
laser rewards (Figure S4A). As expected, D2-YFP rats showed
no preference for either lever (Figure 4B). No significant differ-
ences were found in the total number of lever presses (in both
levers) in the last day of training between D2-ChR2 and D2-
YFP rats.

We next decided to evaluate individuals’ behavior under
reward-extinction conditions (no pellet was delivered on either
lever) to verify whether D2-MSNP-VP stimulation per se was
able to modify behavior (Figure 4D). Interestingly, both groups
decreased lever pressing in both levers , indicating that the
instrumental response was dependent on the delivery of the
reward (Figures 4E and S4C).

After two reminder sessions (similar to acquisition phase), the
task was again performed under laser-extinction conditions
(pellet delivery in both levers and no laser stimulation; Figure 4G).
D2-ChR2 animals showed no preference for either lever under
laser-extinction conditions, similarly to D2-YFP animals (Figures
4H and S4E).

Altogether, these data further confirm that optogenetic activa-
tion of D2-MSN-VP projections paired with reward reduces
preference.

Optogenetic inhibition of D2-MSN-VP projections paired
with reward enhances preference

In another set of animals, rats performed the two-lever, free-
choice behavioral paradigm with optogenetic inhibition of D2-
MSN-VP terminals. Rats were presented with two levers that
originated a food pellet, but stim+ was associated with optoge-
netic inhibition of D2-MSN-VP projections. D2-NpHR rats
showed a significant preference for pressing the stim+ lever
in comparison with stim— lever (p < 0.0001; Figure 4C), result-
ing in receiving significantly more pellet + laser rewards in com-
parison with pellet alone (Figure S4B). As anticipated, D2-YFP
rats showed no preference for either lever (Figure 4C). No sig-
nificant differences were found in the total number of lever
presses in the last day of training between D2-NpHR and
D2-YFP.

We next performed the task under food-extinction conditions
(Figure 4D). Both groups significantly decreased lever pressing
on either lever (Figures 4F and S4D), indicating that stimulation
alone is not sufficient to maintain increased lever pressing.
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Thereafter, we performed the same task under laser extinc-
tion, which makes the outcome (pellet) equal in both levers (Fig-
ure 4G). D2-NpHR animals showed no preference for either lever
(p = 0.001; Bonferroni multiple comparison, p > 0.9999; Figures
41 and S4F).

These data show that optical inhibition paired with reward de-
livery increases preference in comparison with reward delivery
alone.

No differences in food consumption with D2-MSN-VP
modulation

In order to verify whether D2-MSN-VP projections play a relevant
role in food consumption, we measured the amount of normal
chow and food pellets that animals consumed in one session
with no optogenetic modulation and one session with either
optogenetic activation (D2-ChR2) or optogenetic inhibition (D2-
NpHR) of D2-MSN-VP projections (experimental design in
Figure S5). For this, all animals performed 3 days of free food
consumption and the amount of food consumed was weighted
at the end of each 30-min session. Neither optogenetic activa-
tion nor optogenetic inhibition of D2-MSN-VP projections had
a significant impact on the consumption of normal chow or
food pellets (Figure S6), suggesting the absence of differences
in food consumption or satiety.

DISCUSSION

Despite remarkable advances in identifying the role of specific
neuronal populations of the reward circuit in motivated behaviors
(Engelhard et al., 2019; Parker et al., 2016; Saunders et al., 2018),
there is still a lot of controversy regarding the role of NAc D1- and
D2-MSNs. D2-MSNs have been shown to induce transient pun-
ishment and aversive responses and attenuate cocaine condi-
tioning (Bock et al., 2013; Kravitz et al., 2012; Lobo et al.,
2010); however, evidence from our team (Soares-Cunha et al.,
2016b, 2018, 2020) and others (Cole et al., 2018; Natsubori
et al., 2017) points to a heterogeneous role of this neuronal pop-
ulation in behavior. Here, we provide evidence suggesting that
D2-MSN terminals in the VP are differentially activated during
different phases of motivated behaviors.

In previous studies, we have shown that cue-paired optoge-
netic activation of D2-MSNs in the NAc significantly increases
motivation (Soares-Cunha et al., 2016b). However, others
showed that chronic inhibition of these neurons using chemoge-
netics either increases motivation (Carvalho Poyraz et al., 2016;
Gallo et al., 2018) or it has no significant effect (Bock et al., 2013)
in motivational levels as measured by the breakpoint in a PR test.
These apparently contradictory findings can now be reconciled
with the evidence showing that D2-MSNs play distinct roles dur-
ing different stages of reward-related tasks, which potentially
explain the divergent results between optogenetics (acute
manipulation) and designer receptors exclusively activated by
designer drugs (DREADD) (chronic manipulation) experiments.
Moreover, it was shown that distinct patterns of optical activa-
tion of D1- and D2-MSNs can lead to place preference or avoid-
ance (Soares-Cunha et al., 2020).

The data presented in this work indicate that D2-MSN-VP pro-
jections are important to add value to a cue that predicts a future
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Figure 4. Optical activation and inhibition of D2-MSN-VP terminals paired with reward delivery reduces and increases preference
(A) Two-choice acquisition lever pressing task: pressing stim+ lever results in the delivery of a food pellet reward and optical stimulation or inhibition; pressing

stim— lever results in delivery of food pellet reward alone.

(B) Lever press acquisition phase for D2-ChR2 and D2-YFP rats.

(C) Lever press acquisition phase for D2-NpHR and D2-YFP rats.

(D) Under pellet-extinction sessions, no reward is given in any of the levers.
E) Pellet-extinction session of D2-ChR2 and D2-YFP rats.

F) Pellet-extinction session of D2-NpHR and D2-YFP rats.

(G) Laser-extinction sessions where no stimulation is given.

(H) Laser-extinction session of D2-ChR2 and D2-YFP rats.
(

(
(

I) Laser-extinction sessions of D2-NpHR and D2-YFP rats. Nps.chr2 = 7; Np2-NpHR = 5; Np2-vep = 6.

Error bars denote SEM. **p < 0.001. See also Figure S4 and Table S1.

reward and increase effort towards obtaining the reward.
Conversely, suppression of D2-MSN-VP activity is required for
efficient reward consumption. In agreement, in the two-choice
task, optogenetic activation of D2-MSN-VP projections resulted
in decreased preference for the lever that resulted in laser stim-
ulation + reward delivery (stim+), in comparison with the lever
that resulted in the delivery of the pellet alone (stim—); the con-
trary was observed with optical inhibition of these terminals.

In line with our data, electrophysiological studies showed that
NAc MSNs exhibit phasic increases in firing rate during cue pre-
sentations but attenuated firing rates at reward delivery (Am-
broggi et al., 2011; Day et al., 2011; Gale et al., 2014; Roitman
et al., 2005). Similarly, electrophysiological recordings during a
Pavlovian conditioning task showed that MSNs exhibit signifi-

cant responses during task performance: while MSNs increase
firing rate during the conditioned stimulus, the responses to
reward were predominantly inhibitory (Day and Carelli, 2007;
Wan and Peoples, 2006). Yet, it is important to mention that, in
these studies, no segregation between D1- and D2-MSNs was
done due to technical limitations. More recently, a key role for
NAc D2-MSNs in response to reward-predicting cue was identi-
fied, such that these neurons increased firing at cue that pre-
dicted lever availability for electrical stimulation of the VTA, while
at lever pressing, it was mainly D1-MSNs (Owesson-White et al.,
2016). Interestingly, calcium transients of D1- or D2-MSNs in the
ventrolateral striatum during a PR task showed that D2-MSNs in-
crease activity at trial start but decrease as lever pressing for
reward continues, reaching minimal levels at reward delivery
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(Natsubori et al., 2017). Also, higher D2-MSN calcium transients
associated with cue exposure were correlated with a higher
motivational state (Natsubori et al., 2017). Although ventrolateral
striatum is functionally distinct from the NAc, these data are in
agreement with our results indicating that D2-MSN activity in
the NAc is highly relevant for the reward-predicting cue period.

One possible explanation for the observed motivation
enhancement is that D2-MSNs could play an important role in
discrimination learning, refining learned reinforced behavior
(lino et al., 2020; Lee et al., 2021). Activation of D2-MSN-VP pro-
jections can also induce an indirect effect in downstream regions
important for motivation, namely the VTA, that is innervated by
the VP (Hjelmstad et al., 2013; Ostlund et al., 2014; Soares-Cu-
nha et al., 2018, 2020). In agreement, previous data from our
team showed that optical activation of D2-MSNs leads to inhibi-
tion of VP GABAergic neurons and consequent increase in VTA
dopamine neuronal activity (Soares-Cunha et al., 2018, 2020).
Dopaminergic signals arising from the VTA in the NAc can signal
a reward prediction error (RPE), encoding the difference be-
tween actual and predicted reward (Hart et al., 2014; Saddoris
et al., 2015; Schultz et al., 1997), crucial for reinforcement
learning. As learning progresses, this dopamine signal is trans-
ferred from the reward to cues that signal reward availability
(Roitman, 2004). Thus, it is tempting to speculate that the dopa-
mine increase during the cue period elicited by D2-MSN-VP
stimulation invigorates the behavioral response to obtain the
reward, leading to increased breakpoint. Interestingly, ~30%
of VP neurons can encode RPEs (Ottenheimer et al., 2020), so
one may also speculate that increasing D2-MSN GABAergic
tone to the VP during reward delivery might mimic a negative
RPE signal that reduces motivation.

We also found that, under reward extinction, laser stimulation
per se was not able to support the shift in preference. These data
may be difficult to reconcile with the fact that brief optical activa-
tion of D2-MSNs induces place preference (Cole et al., 2018;
Soares-Cunha et al., 2020). Still, these findings are similar to pre-
vious studies in which optogenetic stimulation of central amyg-
dala and laterodorsal tegmentum-to-NAc projections only
increased preference for the lever associated with optical stimu-
lation if paired with reward (Coimbra et al., 2019; Robinson et al.,
2014). One possible explanation is that, in the two-choice task,
animals are mildly food restricted so their primary goal is to
obtain food, so under reward extinction, stimulation alone is
not enough to sustain lever pressing. Another possibility is that
one would need additional sessions or different stimulation pa-
rameters to observe self-stimulation of D2-MSN-VP inputs,
especially considering the importance of the pattern of activity
of D2-MSNs in valence-related behaviors (Soares-Cunha et al.,
2020).

In conclusion, we show that D2-MSN-VP projections differen-
tially contribute to distinct phases of motivated behavior: activity
of these neurons is necessary for the invigorating value of a cue
that predicts a reward but is not as relevant for the operant
execution of the task or for the consumption of the reward. Alto-
gether, this study contributes to the growing body of evidence
showing that D2-MSNs are not necessarily “aversive,” exhibiting
a complex role in motivated behaviors, and that additional
studies are needed to fully disclose their role in behavior.
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Limitations of the study
Our study has some limitations that are important to pinpoint.
One obvious limitation is the inclusion of only males in the exper-
iments, though previous data from our laboratory suggest that
there are no major differences between sexes in the tasks that
were used. Nevertheless, since there is the possibility of subtle
sex differences, females should be included in future studies.
Another caveat is that we optogenetically manipulated D2-
MSN-VP inputs during different stages of behavior to mimic
endogenous activation and inhibition of these inputs. We have
used stimulation protocols that trigger activity changes that
resemble physiological changes in both the NAc and VP
(Soares-Cunha et al., 2016b, 2020); however, it is not possible
to determine precisely how close the exogenous pattern of acti-
vation and inhibition is to endogenous activation and inhibition.
This emphasizes the importance of recording neuronal activity
in vivo during a motivation-related task, either with large-scale
electrophysiological recordings with opto-tagging to allow
MSN segregation (Sjulson et al., 2018) or calcium imaging of
selected MSNs (Klaus et al., 2017), in order to determine the tem-
poral activity of these neurons during behavior. The possibility of
identifying activity changes in individual neurons would be
crucial to further comprehend the role of D2-MSNs in behavior.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse polyclonal anti-DR2 Santa Cruz Biotechnology catalog #sc-5303, RRID: AB_668816
Goat polyclonal anti-GFP Abcam catalog #A-11055, RRID: AB_2534102
Alexa fluor 488 donkey anti-goat Thermo Fisher Scientific catalog #A-11055, RRID: AB_2534102
Alexa fluor 594 donkey anti-mouse Thermo Fisher Scientific catalog #A-21203, RRID: AB_141633
DAPI (4’,6-Diamidino-2-Phenylindole, Thermo Fisher Scientific catalog #1306, RRID: AB_2629482
Dihydrochloride)

Bacterial and virus strains

AAV5-D2R-hChR2(H134R)-EYFP Karl Deisseroth lab N/A link lab
AAV5-D2R-eNpHR3.0-EYFP Karl Deisseroth lab N/A

AAV5-D2R- EYFP Karl Deisseroth lab N/A

Experimental models: Organisms/strains

Ratus norvegicus, Wistar han IGS rats Charles River Laboratories, Spain Strain #273

Software and algorithms

Spike2 Cambridge Electronic Design RRID: SCR_000903 https://ced.co.uk/downloads/
latestsoftware

Med-PC program Med Associates RRID: SCR_012156 https://www.med-associates.
com/med-pc-v/

GraphPad Prism GraphPad Software Inc RRID: SCR_002798 https://www.graphpad.com/

scientific-software/prism/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Ana
Joao Rodrigues (ajrodrigues@med.uminho.pt).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Male Wistar Han IGS rats (Charles River Laboratories, strain #273) with two to three months of age at the beginning of the experiments
were used. Animals were maintained under standard housing conditions with 12/12h light/dark cycle (lights on from 8a.m. to 8p.m.)
and room temperature of 21 + 1°C, with relative humidity of 50-60%. Rats were individually housed after optical fiber implantation
and standard diet (4RF21, Mucedola SRL) and water were given ad libitum, until the beginning of the behavioral experiments, in which
animals switched to food restriction to maintain 85% of initial body weight.

Behavioral manipulations occurred during the light period of the light/dark cycle. Health monitoring was performed according to
FELASA guidelines (Nicklas et al., 2002). All procedures were conducted in accordance with European Regulations (European Union
Directive 2010/63/EU). Animal facilities and animal experimenters were certified by the National regulatory entity, Diregao-Geral de
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Alimentacao e Veterinaria (DGAV). All protocols were approved by the Ethics Committee of the Life and Health Sciences Research
Institute (ICVS) and by DGAV (protocol number 19074, approved on 08/30/2016).

Group | of animals performed the progressive ratio schedule of reinforcement, with optical stimulation at cue, at reward, or during
the ITI (Figures 1,2, and 3).

Group Il of animals performed the two-choice schedule of reinforcement (Figure 4) and the food consumption test (Figures S5
and S6).

METHOD DETAILS

Constructs and virus

eYFP or hChR2(H134R)-eYFP or eNpHR3.0-eYFP were cloned under the control of the D2R minimal promoter region as described
before (Soares-Cunha et al., 2016b; Zalocusky et al., 2016). Constructs were packaged in AAV5 serotype by the University of North
Carolina at Chapel Hill (UNC) Gene Therapy Center Vector Core . AAV5 vector titters were 3.7-6 x 102 viral molecules/ml as deter-
mined by dot blot.

Surgery and optic fiber implantation
Rats were anesthetized with 75 mg kg~' ketamine (Imalgene, Merial) plus 0.5 mg kg~ medetomidine (Dorbene, Cymedica). Virus
was unilaterally injected into the NAc; coordinates from bregma, according to (Paxinos and Watson, 2005): +1.2 mm anteroposterior
(AP), +1.2 mm mediolateral (ML), and —6.5 mm dorsoventral (DV; D2-ChR2 group, D2-NpHR group and D2-YFP control group). An
optic fiber was then implanted in the VP (coordinates from bregma: —0.1 mm AP, +2.4 mm ML, and —7.5 mm DV), which was secured
to the skull using two 2.4 mm screws (Bilaney) and dental cement (C&B kit, Sun Medical).

Rats were allowed to recover for three weeks before initiation of the behavioral trainings.

Behavior

Animals and apparatus

Male Wistar han rats (2-3 months old at the beginning of the experiments) were habituated to 45 mg food pellets (FO021; Bio-Serve) in
the home cage, which were used as reward during the behavioral protocol, 3 days before training initiation. Behavioral sessions were
performed in operant chambers (Med Associates) that contained a central, recessed magazine to provide access to 45 mg food pel-
lets (Bio-Serve), two retractable levers with cue lights located above them that were located on each side of the magazine. Chamber
illumination was obtained through a 2.8-W, 100-mA light, positioned at the top-center of the wall opposite to the magazine. The
chambers were controlled by a computer equipped with the Med-PC software (Med Associates).

Progressive ratio schedule of reinforcement (PR)

This behavioral protocol was adapted from a previously-described PR test for mice using food pellets as reward (Sharma et al., 2012),
applying a classical schedule of reinforcement (Richardson and Roberts, 1996).

Operant training started with a continuous reinforcement (CRF) schedule with one lever extended with no cue light being present;
the lever would remain extended throughout the session, and a single lever press would deliver a food pellet (maximum of 50 pellets
earned within 30 minutes). In the first sessions, food pellet dust was placed on the lever to promote lever pressing. Rats were trained
to lever press on the opposite lever, in a second CRF session performed in the same day, using the same training procedure. In the
four following days, the side of the correct lever was alternated between sessions. After successful completion of the CRF training
(6 days), rats were trained to lever press one time for a single food pellet in a fixed ratio (FR) schedule consisting in 50 trials in which
both levers are presented, but the correct lever is signaled by the illumination of a cue light above it. FR sessions began with extension
of both levers (correct and incorrect) and illumination of the house light and the cue light over the correct lever. Completion of the
correct number of lever presses led to a pellet delivery, followed by a 30 second inter-trial interval (ITl). During ITI, the cue light above
the correct lever and the house light were turned OFF, and additional lever-pressing was registered but did not result in the delivery of
afood pellet. This ITI period allows time for rats to consume the food pellet and return to baseline behavior. Assignment of the correct
lever was counterbalanced within each group. Each FR1 training session lasted 1 hour or when 50 pellets have been delivered. In a
similar manner, rats were then trained using an FR5 reinforcement schedule.

The rats were then trained in the progressive ratio (PR) schedule of reinforcement. The response ratio schedule during PR test was
calculated according to Richardson and Roberts (1996) using the following mathematical formula (rounded to the nearest integer): =
[5e A2 - 5 where R is the number of food rewards already earned plus 1. Thus, the number of responses required to earn a food
reward follow the order: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145 and so on. Failure to press the lever in any 10-
minute period resulted in termination of the session. None of the animals failed to press in any 10 min period of the task, so in all of the
animals the session lasted 1h. During PR sessions, a 30-second ITl was also applied. During this period, the house light and cue lights
were turned OFF but levers were not retracted. Lever pressing during ITl was registered but was not accounted for PR schedule pro-
gression. The last completed ratio was set as the breakpoint (Richardson and Roberts, 1996).

e2 Cell Reports 38, 110380, February 15, 2022



Cell Reports ¢? CellPress

Each rat performed 4 sessions of PR: in the first session all animals received no optogenetic manipulation; in following sessions,
one third of the animals received optogenetic manipulation during ITl, one third received optogenetic manipulation at cue exposure
and one third received optogenetic manipulation at pellet delivered. The days of optogenetic manipulation were counterbalanced
between groups.

At the end of the sessions, data was registered and total number of lever presses during trials, number of food pellets earned,
breakpoint (the last completed ratio) and the total number of lever presses performed during ITI were obtained.

Optical activation consisted of: 473nm, 1s at 20Hz, 20 light pulses of 25ms, 50% duty cycle, 10mW at the tip of the implanted fiber.

Optical inhibition consisted of: 589nm, 4s of constant light, 10mW at the tip of the implanted fiber.

Two-choice schedule of reinforcement

This behavioral protocol was adapted from the one previously described by (Robinson et al., 2014).

Acquisition phase. During instrumental training, rats were presented two levers signaled by the illumination of a cue light above it,
one on either side of the magazine. Presses in one lever (stim+: laser + pellet) lead to delivery of a pellet plus laser stimulation (optical
activation: 473nm, 1s at 20Hz, 20 light pulses of 25ms, 50% duty cycle; optical inhibition: 589 nm, 4s constant light; both with 10mW
at the tip of the implanted fiber) accompanied by a 4s auditory cue (white noise or tone; always the same paired with this outcome for
a particular rat, but counterbalanced assignments across rats). In contrast, pressing the other lever (stim-: pellet alone) delivered a
single pellet accompanied by another 4s auditory cue (tone or white noise), but with no laser stimulation. For both levers, presses
during the 4s after pellet delivery had no further consequence. After 2 d of initial acquisition, each daily session began with a single
lever presented alone to allow opportunity to earn its associated reward (either stim+ (laser+pellet) or stim- (pellet alone) - forced
trials), after which the lever was retracted. Then, the alternative lever was presented alone to allow opportunity to earn the other
reward. Each lever was presented again alone for a second cycle to ensure sampling of both reward outcomes. The forced choice
exposures were intended to allow the rat to better acquire the association between each lever and its specific outcome. Finally, both
levers were extended together for the remainder of the session (30 min total), allowing the rat to freely choose between the two levers
and to earn respective rewards in any ratio it chose. Whenever the number of lever presses required by a day’s schedule was
completed on either lever (FR1, FR4, RR4, RR6), a pellet was immediately delivered, accompanied by 4 s of the assigned auditory cue
for the particular lever and its outcome (white noise or tone). For the stim+ lever, delivery of the pellet was also accompanied by
additional simultaneous laser stimulation (optical activation: 473nm, 1s at 20Hz, 20 light pulses of 25ms, 50% duty cycle; optical
inhibition: 589 nm, 4s constant light). During the 4s, animals rapidly retrieved the food pellet and then resumed responding on either of
the two levers.

All animals were trained on the following increasing schedule of responding effort: fixed ratio (FR) 1 (1 lever press resulted in 1
reward delivery), one day of FR4 (4 lever presses resulted in 1 reward delivery), one day of random ratio (RR) 4 (probability of delivery
of 1 reward at every 4 lever presses) and three days of RR6 (probability of delivery of 1 reward at every 6 lever presses). At the end of
the session total number of lever presses on the stim+ and stim-, as well as the number of rewards received were collected and
plotted.

Food extinction phase. To assess whether laser stimulation alone could maintain responding on the stim+ associated lever when
the food pellet was discontinued, rats were given the opportunity to press in both levers but without pellet (pellet extinction). This
closely corresponds to a form of laser self-stimulation test, but using an already established instrumental response that had been
learned to earn laser+pellet (stim+) or pellet alone (stim-) combinations. Each completed trial (RR4) on the stim+ (previously la-
ser+pellet) lever resulted in the delivery of laser stimulation (optical activation: 473nm, 1s at 20Hz, 20 light pulses of 25ms, 50% duty
cycle; optical inhibition: 589 nm, 4s constant light) and the previously paired auditory cue but no pellet delivery. Each completed trial
on the stim- lever (previously pellet alone) resulted in the delivery of its auditory cue but no pellet itself. At the end of the session total
number of lever presses on the stim+ and stim-, as well as the number of rewards received were collected and plotted.

Laser extinction phase. After receiving reminder acquisition training with stim+ versus stim- for 2 days, rats underwent 4 consec-
utive days of laser-extinction, to test the persistence of laser-induced preference.

During laser extinction sessions, each completed trial (RR4) on the stim+ lever resulted in delivery of a food pellet and the previously
paired auditory cue but no laser stimulation. Each completed trial on the stim- lever resulted in delivery of the pellet and its auditory
cue. Thus, during these sessions, the outcome for both levers consisted in the delivery of a pellet and the associated auditory cue,
with no administration of laser stimulation. At the end of the session total number of lever presses on the stim+ and stim-, as well as
the number of rewards received were collected and plotted.

Normal chow consumption

We next examined the effect of laser stimulation on voluntary normal chow consumption in a 30-minute chow consumption test.
Intake test was conducted in a familiar chamber (similar to the home cage) containing bedding on the floor in which rats had serial
access to pre-weighed quantities of regular chow pellets (20 g) while also having constant access to water. Intake tests were
repeated on 3 consecutive days. Laser stimulation was administered only on 1 day (optical activation: 473nm, 20Hz, light pulses
of 25ms, 50% duty cycle, throughout the entire session; optical inhibition: 589 nm, constant light throughout the entire session;
both with 10mW at the tip of the implanted fiber), which occurred on either day 2 or 3 (counterbalanced across rats). Control intake
was measured in the absence of any laser stimulation on the 2 remaining days (day 1 and either day 2 or 3, averaged together to form
a baseline measurement). Chow was weighed at the end of the test to calculate the amount consumed.
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Food pellets consumption

We examined the effect of laser stimulation on voluntary palatable food consumption in a 30-minute test food pellet consumption
test. Intake test was conducted in a familiar chamber (similar to the home cage) containing bedding on the floor in which rats had
serial access to pre-weighed quantities of food pellets (around 20 g) while also having constant access to water. Intake tests
were repeated on 3 consecutive days. Laser stimulation was administered only on 1 day (optical activation: 473nm, 20Hz, light pulses
of 25ms, 50% duty cycle, throughout the entire session; optical inhibition: 589 nm, constant light, throughout the entire session; both
with 10mW at the tip of the implanted fiber), which occurred on either day 2 or 3 (counterbalanced across rats). Control intake was
measured in the absence of any laser stimulation on the 2 remaining days (day 1 and either day 2 or 3, averaged together to form a
baseline measurement). Food pellets were weighed at the end of the test to calculate the amount consumed.

Food preference

We examined the effect of laser stimulation on voluntary food preference in a 90 min free-intake test. Intake tests were conducted ina
familiar chamber (similar to the home cage) containing bedding on the floor in which rats had serial access to pre-weighed quantities
of chow (20 g) and food pellets (about 20 g), while also having constant access to water. Each food intake session consisted of 30 min
access to 20 g of chow followed by 60 min of access to about 20 g of food pellets and chow. Intake tests were repeated on 3 consec-
utive days. Laser stimulation was administered only on 1 day (optical activation: 473nm, 20Hz, light pulses of 25ms, 50% duty cycle,
throughout the entire session; optical inhibition: 589 nm, constant light throughout the entire session; both with 10mW at the tip of the
implanted fiber), which occurred on either day 2 or 3 (counterbalanced across rats). Control intake was measured in the absence of
any laser stimulation on the 2 remaining days (day 1 and either day 2 or 3, averaged together to form a baseline measurement). Chow
and food pellets were weighed at the end of the test to calculate the amount consumed.

Optogenetic manipulation
Optical manipulation for PR and two-choice schedule of reinforcement tasks was performed using either a 473 nm (ChR2) or 589 nm
(NpHR) DPSS lasers, which were controlled by the MedPC software (Med Associates), through a pulse generator (Master-8; AMPI,
New Ulm, MN, USA).

Before all behavioral sessions, rats were connected to an opaque optical fiber, through previously implanted ferrules placed unilat-
erally in the VP.

Optical stimulation was performed as follows: 473nm, 1s at 20Hz, 20 light pulses of 25ms, 50% duty cycle; 10 mW at the tip of the
implanted fiber.

Optical inhibition was performed as follows: 589 nm; 4s continuous light of 10 mW at the tip of the implanted fiber.

In vivo single cell electrophysiological recordings

Three weeks post-surgery, D2-ChR2 rats and D2-NpHR (n = 4/group) were anaesthetized with urethane (1.44 g kg™, Sigma). The
total dose was administered in three separate intraperitoneal injections, 15 min apart. Adequate anesthesia was confirmed by the
lack of withdrawal responses to hindlimb pinching. A recording electrode coupled with a fiber optic patch cable (Thorlabs) was
placed in the VP (coordinates from bregma: 0 to —0.10 mm AP, +2.3 to +2.5 mm ML, and —7 to —7.6 mm DV).

Single neuron activity was recorded extracellularly with a tungsten electrode (tip impedance 5-10 Mat 1 kHz) and data sampling
was performed using a CED Micro1401 interface and Spike2 software (Cambridge Electronic Design).

The DPSS 473 nm or 589 nm laser systems, controlled by a stimulator (Master-8, AMPI) was used for intracranial light delivery.
Optical stimulation was performed as follows: 473nm, 1s at 20Hz, 20 light pulses of 25ms, 50% duty cycle, 10 mW at the tip of
the fiber. Optical inhibition was performed as follows: 589 nm, 4sec of constant light, 10 mW at the tip of the fiber.

Firing rate histograms were calculated for the baseline (10 s before stimulation), stimulation period and after stimulation period (10 s
after the end of stimulation).

In order to calculate the PSTH, each recorded spike train (each train of 1sec) from a single neuron was aligned by the onset of
optical stimulation. For plotting the normalized firing rate, r; the average activity during baseline was subtracted to each spike train
(ri=ri-avg(ri[t<10s]). The neurons were considered as responsive or not responsive to the stimulation on the basis of their firing rate
change with respect to the baseline period. Neurons showing a firing rate increase or decrease by more than 20% from the mean
frequency of the baseline period were considered as responsive (Benazzouz et al., 2000; Soares-Cunha et al., 2016b)

VP neurons were identified as those having a baseline firing rate between 0.2 and 18.7 Hz (Richard et al., 2016). Other non-iden-
tified neurons (corresponding to less that 10% of recorded cells) were excluded from the analysis.

Immunofluorescence
Rats were deeply anesthetized with pentobarbital (Eutasil) and were transcardially perfused with 0.9% saline followed by 4% para-
formaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde for 24 hours. Afterwards, brains were transferred to a
30% sucrose solution (for at least 48h), and then prepared for sectioning. Coronal sections (50um) of NAc and VP were obtained by
vibratome sectioning.

Coronal 50 um vibratome sections (at least 5 sections per animal) were pretreated for antigen retrieval with citrate buffer (0.1M, pH
6.0), rinsed in phosphate-buffered saline (PBS), permeabilized with 0.3% triton x-100 in PBS for 10 min, blocked with 5% fetal bovine
serum for 2 h at room temperature and incubated for 48 h at room temperature with polyclonal mouse anti-D2R (1:400, Santa Cruz
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Biotechnology, catalog #sc-5303, RRID: AB_668816,). Afterwards, sections were washed and incubated with the secondary anti-
body alexa fluor 594 donkey anti-mouse (1:500, Thermo Fisher Scientific; catalog #A-21203, RRID: AB_141633) for 2 h. Afterwards,
sections were washed and incubated wit polyclonal goat anti-GFP (1:500, Abcam; catalog #ab6673, RRID: AB_305643) overnight at
4°C. Following, sections were washed, incubated with the secondary antibody alexa fluor 488 donkey anti-goat (1:500, Thermo
Fisher Scientific; catalog #A-11055, RRID: AB_142672) for 2 h, and washed again. Finally, all sections were stained with 4’,6-diami-
dino-2-phenylindole (DAPI, 1 mg ml~", Thermo Fisher Scientific, catalog #1306, RRID: AB _ 2629482) and mounted using an aqueous
mounting medium (Permafluor, catalog #TA-030-FM, Thermo Fisher Scientific).

Images were collected and analyzed by confocal microscopy (Olympus LPS Confocal FV3000, Olympus). Estimation of cell density
was done using one field of view of NAc, per coronal section, obtained with 20X magnification (636.4x636.4um images). Cell counts
were normalized to the area of the images.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prior to any statistical comparison between groups, normality tests (Kolmogorov-Smirnov) were performed for all data analyzed, and
appropriate statistical analysis was applied accordingly. Comparison between two groups was made using Student’s t-test; when
normality assumptions were not met Mann-Whitney was performed instead. Comparison between ON and OFF behavioral sessions
of the same group were performed using paired t-test; when normality assumptions were not met Wilcoxon was performed instead).
Mixed-effects analysis of variance (ANOVA) was used to compare groups (D2-ChR2, D2-NpHR, D2-YFP) and sessions (OFF vs ON;
stim+ vs stim-; cue vs reward); One way ANOVA for repeated measures was used to compare firing rate before, during and after stim-
ulation; Bonferroni’s post hoc multiple comparisons was used for group differences determination (when normality assumptions were
not met Friedman’s test was performed, and Dunn’s multiple comparison for post hoc analysis).

For the analysis of normalized electrophysiological temporal activity (through PSTH), Komlogorov-Smirnov for 2 samples was
performed to determine differences between the distribution of the stimulus period and the average baseline activity.

Results are presented as mean + SEM. All of the statistical details of experiments can be found throughout the results description;
these include the statistical tests used and p-value. The n for each experiment is indicated in the figures’ legends.

All statistical analysis was performed using GraphPad (Prism 7, La Jolla, CA, USA).
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Table S1. Statistical table of main figures, Related to Figures 1, 2, 3 and 4.

Supplemental Information

Figure Test Test value p value
Figure 1E One-way ANOVA F(2.20)= 7.32 p=0.0083
Figure 1F (type A) Kolmogorov-Smirnov D=1.0 p =0.0286
Figure 1F (type B) Kolmogorov-Smirnov D=1.0 p < 0.0001

. ’ Group: F(1,17) = 0.1283 p =0.7246
Figure 1H Two-way ANOVA Day of training: Fsss) = 114.3 p < 0.0001
. . ’ Group: Fs,34)=93.10 p < 0.0001
Figure 1l Mixed Two-way ANOVA Day of training vs cue/reward: F 21, 238 = 8.82 p < 0.0001
. . Group: F1,34)=10.29 p =0.0028
Figure 1J Mixed Two-way ANOVA | & 15'vs ON/OFF: Fyr,54) = 6.267 p=00173
Figure 1K Unpaired t test t1i7=3.798 p=0.0014
. . Group: F(1,9) = 8.46 p=0.0173
Figure 1L Mixed Two-way ANOVA ON vs OFF: Fi. 7 = 6.258 p = 0.0409
Figure 2D (type A) Kolmogorov-Smirnov D =0.7273 p =0.0059
Figure 2D (type B) Kolmogorov-Smirnov D =0.7059 p =0.0004
Figure 2F Two-way ANOVA Fa17=0.1718 p=0.6837
. . ’ Group: F(334)=0.1283 p < 0.0001
Figure 2G Mixed Two-way ANOVA | 1o ot training: Far 2 = 8.5 p < 0.0001
. . ’ Group: F1,9)=4.89 p =0.0543
Figure 2H Mixed Two-way ANOVA | o0 0'vs cuefreward: Fo. ¢ = 10.37 p=0.0181
Figure 2| Unpaired t test tie=4.04 p =0.0009
. ’ Group: F(1,9) = 4.56 p=0.0614
Figure 2J Two-way ANOVA ON vs OFF: F(1.5 = 8.348 p =0.0342
. . ’ Group: F19=5.2 p =0.0485
Figure 38 Mixed Two-way ANOVA | 0 0'vs cuelreward: Fa.s) = 20.8 p = 0.0061
Figure 3C Mann Whitney test U=35 p =0.0003
. , . ’ Group: F(1,90=2.123 p=0.1791
Figure 3C Mixed Two-way ANOVA | Gl vs reward: Fir.o) = 2.123 p = 0.0002
. . ’ Group: F1,34) = 2.082 p =0.1582
Figure 3D Mixed Two-way ANOVA | 5\ s OFF: F, o0 = 8.84 p = 0.0054
. . ’ Group: F(1,9 = 38.71 p =0.0002
Figure 3F Mixed Two-way ANOVA | &0 15'vs cuefreward: Fir,7) = 29.3 p=0.0010
Figure 3G Mann Whitney test U=0.0 p < 0.0001
. , . Group: F(1,9 = 12.47 p =0.0064
Figure 3G Mixed Two-way ANOVA | o ¢ reward: Fu.g) = 56.2 p < 0.0001
. . ’ Group: F1,34) = 27.71 p < 0.0001
Figure 3H Mixed Two-way ANOVA | o\ /s OFF: Fyr. 54 = 26.48 p < 0.0001
. ’ Group: F1,48) = 54.4 p < 0.0001
Figure 48 Two-way ANOVA Group vs stim+/stim-: F(748) = 7.26 p < 0.0001
. Group: F1,32)=29.3 p < 0.0001
Figure 4C Two-way ANOVA Group vs stim+/stim-: F7:32)= 3.5 p =0.0064
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Figure S1. Optogenetic activation of D2-MSN-VP terminals during cue exposure increases
motivation, Related to Figure 1.

A Representative immunostaining for D2R and YFP in the NAc of an animal injected with AAV5-D2R-
ChR2(H134R)-eYFP; scale bar: 50 um; inset showing a double-stained neuron (identified with white arrow).
B Quantification of the number of D2R* and YFP* cells per area as evaluated by IF; almost all of YFP* cells
are also D2R*, confirming the specificity of the construct (n=5animals/group). C Schematic of optic fiber
placement location of D2-ChR2, D2-NpHR and D2-YFP rats of experimental Group Il. D Cumulative lever
presses in the PR session with optical stimulation on cue, showing a significant higher number in the ON



session when comparing with the OFF session of D2-ChR2 rats (two-way ANOVA; Group differences:
F3,34=7.78, p=0.0004; Time X Group differences: F3,374=5.176, p<0.0001; Bonferroni’'s post hoc, D2-
ChR2 ON vs OFF, p=0.0181). E In the PR session with optical stimulation on cue D2-ChR2 rats earned
significantly more food pellets (Group differences: F(1,9=5.591, p=0.0423). F Total number of lever presses
performed during the inter-trial interval (ITl) of the PR session. G-L D2-MSN-VP terminal optical stimulation
during inter-trial-interval (ITIl), a period of time-out from the task, does not change G Cumulative lever
presses, H total number of lever presses, I-J breakpoint, K the number of food pellets earned, or L the total
number of lever presses performed during ITI in a PR session. npo2-chr2=10, no2-yrp=9. Error bars denote
SEM. *p < 0.05.
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Figure S2. Optogenetic inhibition of D2-MSN-VP terminals during cue exposure decreases

motivation, Related to Figure 2.

A Cumulative lever presses in the PR session with optical inhibition on cue, showing a significant difference
between ON session and OFF session of D2-NpHR rats (two-way ANOVA; Group differences: F(3,33=8.153,
p=0.0003; Time X Group differences: F33,363=3.369, p<0.0001; Bonferroni’'s post hoc, D2-NpHR ON vs
OFF; p=0.0206). B In the PR session D2-NpHR rats earned marginally less food pellets (Group differences:
F1,9=11.12, p=0.0087). C Total number of lever presses performed during the inter-trial interval (ITI) of the
PR session. D-I D2-MSN-VP terminal optical inhibition during inter-trial-interval (ITl), a period of time-out
from the task, does not change D the cumulative lever presses, E the total number of lever presses, F-G
breakpoint, H the number of food pellets earned, or I the total number of lever presses performed during

ITlin a PR session. np2-npHrR=10, Np2-yrr=9. Error bars denote SEM.
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Figure S3. Optogenetic modulation of D2-MSN-VP terminals at reward delivery alters

motivation, Related to Figure 3.

A Cumulative lever presses in the PR session with optical activation at reward delivery (two-way ANOVA;
Group differences: F3,34=7.54, p=0.0005; Time X Group differences: F(33,374)=4.505, p<0.0001; D2-ChR2
ON vs D2-ChR2 OFF, Bonferroni’'s post hoc, p<0.0001). B Number of food pellets earned during the PR
session with optical stimulation at reward delivery (Group differences: F1,9=3.623, p=0.0891). C Total
number of lever presses performed during ITI the PR session with optical stimulation at reward delivery. D
Cumulative lever presses in the PR session with optical inhibition at reward delivery (two-way ANOVA;
Group differences: F3,34=21.55, p<0.0001; Time X Group differences: F3,374=14.80, p<0.0001; D2-NpHR
ON vs D2-NpHR OFF, Bonferroni’s post hoc, p<0.0001). E Number of food pellets earned during the PR
session with optical inhibition at reward delivery (Group differences: F(1,9=1.453, p=0.2587). F Total number
of lever presses performed during ITl the PR session with optical inhibition at reward delivery. np2-chr2=10;
Np2-NpHR=10, Np2-yrp=9. Error bars denote SEM. *p < 0.05; **p < 0.01; ***p < 0.001.



Acquisition - Optical excitation Acquisition - Optical inhibition
200- 200
180 D2-YFP stim- (pellet alone) 180
D2-YFP stim+ (pellet+aser) . .
8 160 -=- D2-ChR2 stim- (pellet alone) B 160 D2-YEP stim- (pellet alone)
H ~e— D2.ChR2 stim*+ (pellet+laser) : D2-YFP stim+ (pelletslaser)
2 140 J___] 2 140 D2-NpHR stim- (pellet alone)
2 R - 3 D2-NpHR stim+ (pellet+laser)
3 120 1 l /L’ 2 120
2 100 M £ 100
] L o ] *
5 80 ¥y /1 5 80
= A J b
60 / A g
£ | A7 £
2 7 2 4
201 #4477 20
1 2 3|a|s5|6 7 8 9 1 2 3|4|5|6 7 _8 9
FR1 FR4 | RR4 RR6 FR1 FR4 |RR4 RR6
Training day/Schedule Training day/Schedule
Reward extinction - Optical excitation Reward extinction - Optical inhibition
400 400-
Reminder Reminder D2-YFP st
- YFP stim-
g an{ Y D2-YEP stim- (no pellet) 3 a0{ D2.YFP stim+
H D2-YFP stim+ (laser alone) z D2-NpHR stim-
§ - 352:25 s:imr ((r;o ueHelt) , § D2-NpHR stim+
2 —e— D2-ChR2 stim+ (laser alone °
2 240 8 240
5 5
H H
[ [
5 160 5 160:
8 B
2 2
£ £
2 80 2 80
1 2 3 4 5 1 2 3 4 5
Training Day Training day
Laser extinction - Optical excitation Laser extinction - Optical inhibition
4007 Reminder 400
(2 sessions of RR4) (2 sessions of RR4)
= D2-YFP stim- (pellet alone) D2-YFP stim- (pellet alone)
2 320 D2-YFP stim+ (pellet alone) § 320 D2-YFP snmr‘(p’eeuet alone’)
3 = D2-ChR2 stim- (pellet alone) 3 D2-NpHR stim- (pelet alone)
8 —— D2-ChR2 stim+ (pellet alone) 8 D2-NpHR stim+ (pelet alone)
g 240 g 240
3 5
H H
g L. 1 1 £
5 1609 ‘~\1____- — 5 160
H i $ 3 H
£ £
2 809 2 80
1 2 3 4 5 6 1 2 3 4 5 6
Training day Training day

Figure S4. Optical activation/inhibition of D2-MSN-VP terminals paired with reward delivery
reduces/increases preference and decreases/increases motivation, Related to Figure 4.

Number of rewards received in the acquisition phase with A optical excitation (two-way ANOVA, F,
48=37.15, p<0.001; Bonferroni’'s post hoc, D2-ChR2 stim+ vs D2-ChR2 stim-, p<0.001) and B optical
inhibition (two-way ANOVA, Fs, 54)=6.286, p<0.001; Bonferroni’s post hoc, D2-NpHR stim+ vs D2-NpHR
stim-, p<0.001). Number of rewards received in the reward extinction phase with C optical excitation and D
optical inhibition. Number of rewards received in the laser extinction phase with E optical excitation and F

optical inhibition. np2-chr2=7; Np2-NpHR=5, Np2-YyFP=6. Error bars denote SEM. *p < 0.05; **p < 0.01.
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Figure S5. Experimental design, Related to Figures 1, 2, 3 and 4.

Sacrifice

A Animals from Group | were subjected to stereotaxic surgeries for injection of D2-ChR2, D2-eNpHR or

D2-YFP in the nucleus accumbens (NAc) and optic fiber placement in the ventral pallidum (VP). After

recovering, animals performed the progressive ratio task (PR); on the PR test sessions, rats received one

session without optical manipulation, one session with optical manipulation at cue, one session with optical

manipulation at reward delivery and one session with optical manipulation at inter-trial interval (ITl). B

Animals from Group Il were subjected to stereotaxic surgeries for injection of D2-ChR2, D2-NpHR or D2-

YFP in the NAc and optic fiber placement in the VP. After recovering, animals performed the two-choice

schedule of reinforcement, followed by the normal chow food consumption test, the food pellet consumption

test and the food preference (normal chow vs food pellet) test.
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Figure S6. Optogenetic modulation of D2-MSN-to-VP terminals does not change food consumption,
Related to Figure 4. A Optogenetic modulation was performed during a free consumption behavioral
session for food pellets. B The amount of food pellets consumed was similar between a session with optical
modulation (ON session) and a session with no optical modulation (OFF session) for all groups. C
Optogenetic activation or inhibition was given during a free consumption behavioral session for regular
chow. D the amount of chow consumed was similar between a session with optical modulation (ON session)
and a session with no optical modulation (OFF session) for all groups. E Optogenetic activation or inhibition
was given during a free consumption behavioral session in which rats could chose to consume both food
pellets and regular chow. F All rats preferred to consume food pellets, irrespective of the experimental

group. nchr2=5, Np2-NpHR=5, Nb2-vyFP=5. Error bars denote SEM.
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