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SUMMARY
At the core of value-based learning is the nucleus accumbens (NAc). D1- and D2-receptor-containing me-
dium spiny neurons (MSNs) in the NAc core are hypothesized to have opposing valence-based roles in
behavior. Using optical imaging and manipulation approaches in mice, we show that neither D1 nor D2
MSNs signal valence. D1 MSN responses were evoked by stimuli regardless of valence or contingency. D2
MSNs were evoked by both cues and outcomes, were dynamically changed with learning, and tracked
valence-free prediction error at the population and individual neuron level. Finally, D2 MSN responses to
cues were necessary for associative learning. Thus, D1 and D2 MSNs work in tandem, rather than in oppo-
sition, by signaling specific properties of stimuli to control learning.
INTRODUCTION

The ability to adaptively navigate an environment relies on asso-

ciative learning, where animals form associations between pre-

dictive cues and external stimuli.1,2 This process is at the core

of nearly all adaptive behavior, and its dysregulation is also a

key feature of a wide range of psychopathologies.3–9 Associative

learning is dependent on both the ability to identify the valence of

external stimuli, as well as various other factors such as salience,

prediction, and prediction error.10–16 These valence-indepen-

dent factors are important for helping animals navigate changing

environments, where the same stimulus can often elicit opposite

behavioral responses depending on the context in which it is

encountered.17,18 For example, an unavoidable footshock will

induce freezing, but an avoidable footshock will elicit an escape

response in rodents—even though the footshock in both cases

has negative valence.18–21 Without understanding the relation-

ship between stimulus processing and behavioral action, our un-

derstanding of neural circuit control of behavior and its dysregu-

lation in disease is incomplete.
The nucleus accumbens (NAc) is a hub for learning, selecting,

and executing goal-oriented behaviors associated with both

appetitive and aversive stimuli.22–26 The NAc is a heterogeneous

region primarily composed of medium spiny neurons (MSNs)

that are classified based on their expression of D1- (which signal

through Gas) or D2-type dopamine receptors (which signal

through Gai).
27–30 Critically, these populations integrate informa-

tion from dopaminergic inputs from the midbrain and glutama-

tergic inputs from across the brain, which combine to control

their activity patterns.31,32 The current understanding of D1

and D2 MSNs has been largely derived from work in the dorsal

striatum showing that these two populations are segregated

based on their projection targets into the direct (D1 MSNs) and

indirect (D2 MSNs) pathways that drive action initiation and inhi-

bition, respectively.33–36 However, this pathway segregation is

more nuanced in the NAc, and both D1 and D2 MSNs project

to overlapping downstream areas, such as the ventral pal-

lidum.30 These fundamental organizational differences preclude

our ability to infer MSN subtype-specific behavioral control

based on this previous work.
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In the NAc, much of our understanding of the role these pop-

ulations play in behavioral control has been based on their role

in reward-based behaviors and in response to drugs of abuse.

Together these studies that span physiology, transcriptional

plasticity, and pharmacological/optical manipulations have led

to the hypothesis that these populations have opposing roles

in behavior with D1 MSNs promoting reward and D2 MSNs

promoting aversion/preventing reward seeking.37–45 In this

framework, these MSN populations function in opposition to

one another, with D1 MSNs increasing and D2 MSNs

decreasing activity in response to reward-based stimuli. How-

ever, emerging evidence is beginning to show that the func-

tions of these neurons extend beyond simple reward-based

coding,46–53 and it is currently unclear exactly what environ-

mental factors elicit responses in these populations and how

these temporal dynamics are linked to behavioral control. By

combining these recording/manipulation approaches with be-

haviors that include both operant and Pavlovian contingencies,

we show the precise valence-independent role that these pop-

ulations play in learning.

RESULTS

Aversive stimuli evoke both D1 and D2 MSN responses
Torecord temporallydefinedneuralactivity inawakeandbehaving

animals, the genetically encoded calcium indicator GCaMP6f was

selectively expressed in either D1 orD2MSNs in theNAc core (us-

ing D1-cre or A2A-Cre mice, respectively). Because D2 receptors

are expressed in some interneuron populations in the NAc, A2A-

Cre mice were used to select for D2 MSNs, specifically.54 Using

fiber photometry, population-level calcium transients were moni-

tored in awake and behaving animals (Figure 1A; see Figure S1A).

First, D1 and D2MSNs were recorded during a positive reinforce-

ment taskwheremiceemittedanoperant responseduringanaudi-

tory cue for a sucrose reinforcer. In line with previous valence-

based predictions,43,44 at the time of sucrose collection D1

MSNs showed a positive response (Figure 1B), while D2 MSNs

showed a small decrease (Figure 1C). However, when mice were

presentedwith unsignaled footshocks at random intervals of vary-

ing intensity (0.3 or 1.0 mA), both D1 MSNs (Figure 1D) and D2
Figure 1. D1 and D2 MSNs do not track stimulus valence

(A) Cre-dependent GCaMP6f (AAV5.hsyn.flex.CGaMP6f) was expressed in D1 M

expression in NAc core.

(B) D1 MSNs showed a positive response to sucrose retrieval in a positive rei

p = 0.0058, n = 5 mice). Dark gray dots are individual trials across all animals, lig

(C) D2 MSNs showed a decrease to sucrose retrieval in the same task (two-taile

(D) D1 MSNs showed an intensity-dependent positive response to unsignaled sh

(E) D2 MSNs showed an intensity-dependent positive response to unsignaled sh

(F) Intracranial self-stimulation (ICSS) task design. An excitatory opsin (ChR2; A

pressed in D1 MSNs or D2 MSNs in the NAc core. Nose pokes resulted in laser illu

(G) Mice were trained to nose poke for optical stimulation of either D1 MSNs or

(H) D1-Cre (D1 MSN) and A2A-Cre (D2 MSN) mice showed a preference for the a

trial 3 group interaction F(6,42) = 3.17, p = 0.0118).

(I) D1-cre (n = 5 mice) and A2A-Cre (D2 MSNs, n = 7 mice) showed a greater perc

controls (n = 5 mice, one-way ANOVA, F(2,14) = 8.96, p = 0.0031; Dunnett’s post-

(J) Training-dependent increase in responses in D1-Cre and A2A-Cre mice as com

hoc eYFP versus D1, p = 0.025; eYFP versus A2A, p = 0.049).

Data represented as mean ± SEM; *p < 0.05; **p < 0.01, ****p < 0.0001. Scale ba
MSNs (Figure 1E) showed positive shock-evoked responses that

increased with increasing shock intensity (Figures S1D and S1E).

Stimulation of D1 and D2 MSNs supports reinforcement
Next, to test whether the stimulation of D1 MSNs or D2 MSNs

supported reinforcement, the excitatory opsin (channelrhodop-

sin; ChR2) was expressed in each MSN population

(Figures S1B and S1F–S1K). Mice nose poked for optical stimu-

lation of either D1 or D2 MSNs (470 nm, 2 s, 14 Hz, 8 mW)

(Figures 1F and 1G). Stimulation of either D1 or D2 MSNs sup-

ported reinforcement, while enhanced yellow fluorescent protein

(eYFP) controls performed at chance levels over training (Fig-

ure 1H). Mice showed higher response rates when behavior

was reinforced by either D1 or D2 MSN optical stimulation as

compared with the unreinforced, eYFP condition (Figure 1I).

Finally, mice in both the D1MSN andD2MSN stimulation groups

increased their responses with additional training sessions as

compared with eYFP controls (Figure 1J). Together, these data

showed that there is no clear demarcation between D1 and D2

MSN functions in the NAc core based on valence. D1 MSN re-

sponses (in the positive direction) were evoked by both appeti-

tive and aversive stimuli, rather than decreasing to aversive stim-

uli as would be predicted for a reward-based signal.55,56 Further,

D2 MSN stimulation supported reinforcement, suggesting that

these neurons were not transmitting an aversive signal or pre-

venting motivated responding.

D2, but not D1, MSNs scale with learning
One of the difficulties with defining the precise role of neural pop-

ulations in behavioral control is the ability to dissociate multiple

behavioral factors. Thus, we first utilized a behavioral task devel-

oped in our laboratory (MCOAT17) to delineate the relationship

betweenmultiple task parameters (e.g., valence, action initiation,

and prediction) and the resulting neural signals. Mice were first

trained in a positive reinforcement task where an auditory cue

predicted that an operant response would result in the delivery

of sucrose (Figures 2A–2C, S2A, and S2B). Next, mice were

trained in a negative reinforcement task where a distinct auditory

cue indicated that a response on a second operanda prevented

the delivery of a series of footshocks (Figures 2D, 2F, S2C, and
SNs (D1-cre mice) or D2 (A2A-cre mice) MSNs. (Right) Example of GCaMP6f

nforcement operant task (two-tailed independent sample t test, t45 = 2.897,

ht gray dots are averaged responses for each animal.

d independent sample t test, t60 = 6.29, p < 0.0001, n = 5 mice).

ock (nested ANOVA, F(1,39) = 6.53, p = 0.016, n = 5 mice).

ock (nested ANOVA, F(1,47) = 5.04, p = 0.031, n = 6 mice).

AV5.Ef1a.DIO.hChR2) or a control vector (eYFP; AAV5.hSyn1.eYFP) was ex-

mination (14 Hz, 2 s, 8 mW, 470 nM). Viral expression of ChR2 in the NAc core.

D2 MSNs over 4 days.

ctive nose poke as compared with eYFP controls (repeated measures ANOVA,

entage of total responses on the active operanda as compared with the eYFP

hoc eYFP versus D1, p = 0.036; eYFP versus D2, p = 0.0016).

pared with eYFP (one-way ANOVA, F(2,14) = 4.60, p = 0.0291; Dunnett’s post-

rs = 50 mm.
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Figure 2. D2 MSN responses to predictive cues scale with learning, while D1 MSN responses do not change

(A) A discriminative cue (Sd) indicated that responses on a fixed-ratio 1 schedule resulted in sucrose delivery.

(B) Mice acquired this task (>60 responses on the active operanda).

(C) Nearly all responses were made during the cue period, indicating that mice learned the value of this cue (two-tailed independent sample t test, t11 = 11.23,

p < 0.0001, n = 12 mice; chance = 50%).

(D) Mice responded during an Sd to prevent shock presentation.

(E) Mice avoided almost all possible shocks.

(F) Almost all responses weremade during the cue period, indicating that mice learned the cue value (two-tailed independent sample t test, t9 = 14.68, p < 0.0001,

n = 10 mice; critical value = 75.1%).

(G) D1 MSNs showed a response to the Sd that signaled positive reinforcement. This response did not change with training (nested ANOVA, F(1,176) = 0.63,

p = 0.427, n = 6 mice). Dark gray dots are individual trials across all animals, light gray dots are the first response in each session for each animal.

(H) Heatmap of D1 MSN responses pre-training and post-training during negative reinforcement. All heatmaps are individual trials ordered by response

magnitude to the cue.

(I) D1 MSNs showed a positive response to the Sd signaling negative reinforcement that did not change with experience (nested ANOVA F(1,91) = 1.21, p = 0.2747,

n = 5 mice).

(J) Heatmap of D1 MSN responses pre-training and post-training during negative reinforcement.

(K) D2 MSNs showed an increase in response to the Sd signaling positive reinforcement between pre- and post-training (nested ANOVA F(1,166) = 16.38,

p < 0.0001, n = 6 mice).

(L) Heatmap of D2 MSN responses.

(M) D2 MSNs showed a learning-dependent increase to the Sd signaling negative reinforcement (nested ANOVA F(1,88) = 5.35, p = 0.023, n = 5 mice).

(N) Heatmap of trial responses pre-training and post-training during negative reinforcement.

Data represented as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.
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S2D). Importantly, the operant response in the two phases is the

same (nose poke), and both outcomes (sucrose retrieval or

removal of shock) are positive; however, themaintaining stimulus

has opposite valence (shock, negative; sucrose, positive). Thus,

this behavioral task allows for the dissociation of motivational re-

sponding (the same between conditions) from the valence of the

stimulus maintaining the behavior (the opposite).

In the positive reinforcement phase, mice learned quickly to

respond on the active nose poke (Figure 2B) and responded

with greater probability during the cue than during the inter-trial

interval (Figures 2C, S2A, and S2B). During negative reinforce-

ment, mice avoided greater than 80% of potential shocks within

a session and had a higher probability of responding during the

cue than during the inter-trial interval (Figures 2E, 2F, S2C, and
4 Neuron 112, 1–15, March 6, 2024
S2D). Calcium transients to the discriminative cues that pre-

dicted positive or negative reinforcement were assessed during

the first training session and again in the same mice after they

had met acquisition criteria.

In response to the discriminative cue that predicted positive

reinforcement, we observed a positive calcium transient in D1

MSNs; however, this response did not change over training

(Figures 2G, 2H, and S2E). The same pattern was present in

the negative reinforcement task, where the discriminative cue

evoked a positive, time-locked calcium transient in D1 MSNs,

and this cue-evoked response was not sensitive to training his-

tory (Figures 2I, 2J, and S2F). Conversely, D2MSNs also showed

a positive time-locked calcium transient in response to both the

discriminative cue that signaled positive reinforcement
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Figure 3. D2 MSN responses to cues increase over learning, while D1 MSN responses do not change, in Pavlovian tasks

(A) (i) Mice received a 5-s cue followed by a half-second shock in a Pavlovian fear-conditioning task. (ii) During extinction, the cue was presented for 5 s but the

shock was not delivered.

(B) Freezing across trials during fear-conditioning session 1 (FC1), fear-conditioning session 4 (FC4), and extinction session 4 (EXT4) (repeatedmeasures ANOVA,

trial 3 group interaction F(5.017,55.19) = 2.88, p = 0.022).

(C) D1 MSN response to the cue in the first (FC1) and last (FC4) fear-conditioning session.

(D and E) D1MSNs showed no difference in response to the cue (nested ANOVA, F(1,71) = 0.02, p = 0.897, n = 6mice) or the shock (nested ANOVA F(1,71) = 1.73, p =

0.194, n = 6 mice) over sessions. Dark gray dots are individual trials across all animals, light gray dots are averaged responses for each animal.

(F) D2 MSN response to the cue in FC1 and FC4.

(G) D2 MSNs showed an increase in response to the cue over sessions (nested ANOVA, F(1,71) = 11.28, p = 0.0014, n = 6 mice).

(H) The peak responses to the shock in D2 MSNs normalized to the pre-trial baseline (nested ANOVA, F(1,71) = 0.42, p = 0.522, n = 6 mice).

(legend continued on next page)
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(Figures 2K and 2L) and the discriminative cue that signaled

negative reinforcement (Figures 2M and 2N). The response in

both conditions was further increased as performance increased

over training (also see Figures S2G and S2H). These data—com-

bined with the data above—suggest that D1 MSNs respond to

stimuli generally, while D2 MSNs dynamically respond to

changes in predictive cues.

MSN responses are consistent across tasks
While these results were consistent across different operant

tasks, it was not clear whether these signals were specific to

motivated action. D1/D2 MSN responses could signal informa-

tion about cues that were not sensitive to contingencies/actions

(e.g., if/how strongly the cue predicted an outcome). We hypoth-

esized that D2MSN responses dynamically change with the pre-

dictive value of cues, regardless of whether the task required an

action or not. We tested this hypothesis using a Pavlovian fear-

conditioning paradigm. Mice were presented with a 5-s cue fol-

lowed by a brief, unavoidable footshock. Mice were trained over

four fear-conditioning sessions (6 trials per session, Figure 3Ai),

followed by four sessions of extinction where the cue, but no

shock, was presented (Figure 3Aii). Freezing was analyzed dur-

ing (1) fear-conditioning session 1 (FC1) when learning of the

cue-shock association was forming, (2) in the final session

(fear-conditioning session 4 [FC4]), when the association was

established, and (3) on the final session of extinction, when the

cue-shock association was extinguished (EXT4). Both groups

of mice (D1-cre and A2A-Cre) increased freezing during acquisi-

tion and decreased freezing following extinction (Figures 3B,

S3A, and S3B).

We observed a time-locked positive D1MSNcalcium transient

in response to both the cue and the shock in early fear condition-

ing (FC1) and late fear conditioning (FC4; Figures 3C–3E, 3O,

S3C, and S3D). The magnitude of this response did not change

over learning. Conversely, D2 MSNs exhibited a positive, cue-

evoked calcium transient that was further increasedwith learning

(Figures 3F–3H, 3P, S3E, and S3F).

When mice went through extinction, freezing was reduced

(Figure 3B). However, we observed no difference in the positive,

cue-evoked D1 MSN calcium transient (Figures 3I, 3J, and 3O;

see Figures S7G and S7H for additional analysis). Also, the pos-

itive, shock-evoked D1MSN calcium transient disappeared dur-

ing extinction (as the shockwas not presented in extinction trials,

Figures 3I and 3K). The positive, cue-evoked D2 MSN calcium

transients were reduced with extinction (Figures 3L, 3M, 3P,

S3I, and S3J). Further, there was no D2 MSN response in either

direction at the time of the omitted shock during the final extinc-
(I) D1 MSN cue and shock responses in the last fear-conditioning session (FC4) c

(J) There was no change in the D1 MSN response to the cue following extinction

(K) D1 MSN responses to shock period. In FC4, the shock was presented, and

n = 6 mice).

(L) D2 MSN response to the cue and shock in FC4 as compared with extinction

(M) There was a decrease in the cue response following extinction (nested ANOV

(N) The response during the shock period was also reduced (nested ANOVA, F(1
extinction (EXT4), it was not.

(O and P) Heatmap of D1MSN (O) and D2MSN (P) responses to task parameters o

during early (FC1) and late (FC4) fear conditioning and late fear extinction (EXT4)

Data represented as mean ± SEM. ***p < 0.001, ****p < 0.0001. (fear-conditioning
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tion session when shock was not presented and no longer ex-

pected (Figures 3L and 3N).

These data suggest that cue-evoked calcium transients in D2

MSNs track the strength of the cue-outcome association. This

occurs in the same direction (a positive response) regardless

of whether the outcome value is positive or negative (Figures 2

and 3) and does not depend on the action required, as this

same pattern was present for both reinforcement (motivated ac-

tion, Figure 2) and fear conditioning (freezing, Figure 3). Thus, D2

MSNs appear to track predictions, while D1 MSNs respond to

stimuli generally. These data also further rule out that the D2

MSN response tracks general motor responses—freezing or

otherwise—as the same signal was observed when the animals

were freezing (Figure 3) and whenmice weremaking amotivated

operant response (Figures 2, S2G, and S2H).

D2 MSNs track prediction errors
We hypothesized that D2 MSN responses tracked a valueless

prediction error. In the case of valueless prediction error, re-

sponses to cues are initially small when they are neutral and

novel (regardless of valence) and increase as those cues acquire

associative value. Conversely, in response to the stimulus itself

(what the cue predicts), initially the response is positive and

large, and this response decreases as the stimulus becomes

more predicted by the antecedent cue. Thus, one key feature

of valueless and other prediction-error signals is that in addition

to cue responses changing over learning, relative stimulus re-

sponses also change.15

While we observed in Figure 1C that D2MSNs showed a nega-

tive calcium transient at the time of sucrose collection in well-

trained animals, when unexpected sucrose was given to naive

mice D2 MSN calcium responses were positive in response to

sucrose consumption (time-locked to the first sucrose lick, Fig-

ure 4A). Thus, the D2 MSN calcium response to an unexpected

reward was positive (Figure 4B; see Figure S4A), and this

response to the same rewarding stimulus was reduced as the

reward becamemore predicted (Figure 1C). We observed similar

increases in D2 MSN calcium responses that occurred in

response to unpredicted vs predicted aversive stimuli.

The same pattern was present with aversive stimuli. Shock-

evoked transients were assessed during the first 2 trials of fear

conditioning (FC1, when animals did not expect the footshock)

and during the first 2 trials of the final fear-conditioning session

(FC4, when the footshock was anticipated). First, we analyzed

D1 and D2 MSN responses aligned to the onset of the shock

(instead of the cue as in Figures 3D and 3G) to probe the shock

response relative to baseline. Shock-evoked D1MSN responses
ompared with the last session of extinction (data from FC4, replotted from C).

(nested ANOVA F(1,71) = 0, p = 0.99, n = 6 mice).

in extinction (EXT4), it was not (nested ANOVA, F(1,71) = 68.59, p < 0.0001,

(FC4 data plotted from F).

A, F(1,71) = 16.32, p = 0.0002, n = 6 mice).

,71) = 56.31, p < 0.0001, n = 6 mice). In FC4, the shock was presented, and in

rdered by responsemagnitude to cue (from largest at top to smallest at bottom)

.

session 1 [FC1]; fear-conditioning session 4 [FC4]; extinction session 4 [EXT4].)
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Figure 4. D2 MSN responses to stimuli are modulated by prior predictions

(A) Mice were given ad libitum access to sucrose in the delivery port and signals were analyzed around the first lick in the first lick bout.

(B) When sucrose was not predicted, D2 MSN response was increased (independent sample t test, t25 = 4.41, p = 0.0002, n = 4 mice), rather than decreased

(Figure 1C). We next determined whether D1 MSN or D2 MSN responses to footshocks were changed based on prediction.

(C) Signals were Z scored around the baseline preceding the onset of the shock in the first two trials of fear-conditioning session 1 (FC1) when the mouse ex-

periences the cue and the shock for the first and second time, and fear-conditioning session 4 (FC4) when the mouse has extensive experience with the cue-

shock association. Dark gray dots are trial 1 response, light gray dots are trial 2 response. There was no effect on D1 MSNs responses to the shock under these

conditions (nested ANOVA F(1,23) = 0.74, p = 0.41, n = 6 mice).

(D) D2 MSN responses to the footshock became smaller as the prediction between cue and shock became stronger (nested ANOVA, F(1,23) = 18.22, p = 0.0011,

n = 6 mice).

(E) The likelihood of a cue-shock pairing was manipulated (shock occurs 10% of the trials in the session or 75% of the trials in the session).

(F, left) Fiber photometry trace from D2 MSNs during the shock responses depending on the probability of the prediction.

(F, right) D2 MSNs showed an increase in the cue response (paired t test, t4 = 4.54, p = 0.0105, n = 5 mice) and decrease in the magnitude of the shock response

(paired t test, t4 = 3.12, p = 0.0356, n = 5 mice) with greater predictability of the shock outcome.

Data represented as mean ± SEM. *p < 0.05, ***p < 0.001. (fear-conditioning session 1 [FC1]; fear-conditioning session 4 [FC4]).
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were positive but did not change with expectation (Figures 4C

and S4B). This was true whether data were assessed over

days (FC1 vs. FC4) or within-session (trial 1 versus trial 6;

Figures S4D and S4E). However, the positive D2 MSN calcium
transient evoked by the shock was smaller when it was expected

(Figures 4D and S4C).

Finally, we directlymanipulated the probability of shock presen-

tation in two separate sessions: the first session when the shock
Neuron 112, 1–15, March 6, 2024 7



ll
Article

Please cite this article in press as: Zachry et al., D1 and D2 medium spiny neurons in the nucleus accumbens core have distinct and valence-inde-
pendent roles in learning, Neuron (2023), https://doi.org/10.1016/j.neuron.2023.11.023
was predicted by the cue 10%of the time and the second session

when the shock was predicted by the cue 75% of the time (Fig-

ure 4E). Accordingly, the size of the positive cue-evoked calcium

transient in the D2 MSNs reflected how well the shock was pre-

dicted,where the higher probability cue resulted in a stronger pos-

itive D2 MSN calcium response to the cue (Figures 4F and S4F–

S4H) and a reduced response to the shock, an effect that was

consistent across repeated testing (Figures S4F–S4H). Thus, as

the cue becomes more predictive, the cue response is largest

and the outcome response is smallest, similar to what has been

observed by other prediction-based signals.57,58

Learning increases D2 MSN recruitment
To further understand how these signals developed over

learning, we employed microendoscopic cellular resolution cal-

cium imaging (see Figure S1C for the gradient index [GRIN]

lens placements). GCaMP6m was expressed in either D1 or D2

MSNs as described above, and using a GRIN lens for optical ac-

cess, we recorded single-cell calcium transients in these identi-

fied populations during fear conditioning (Figures 5A–5C; see

Figures S5A–S5D).

Replicating our results, we found that D1 MSNs—when repre-

sented as a whole field trace or the average of all identified sin-

gle-cell responses—responded to both the cue and the foot-

shock during FC1 (Figures 5D–5F, S5C, and S5D, for whole

field calcium traces; Figures S5E–S5H for area under the curve).

While there was heterogeneity in the responses (Figure 5G, left),

most cells responded positively (55.41%, of all identified cells re-

corded during the session) to the shock (Figure 5G, right).

Following extended training, when behavioral responses were

asymptotic (FC4), the proportionality of D1 MSN responses did

not change (Figure 5H). Consistent with the idea that D1 MSNs

respond to the presence of stimuli, the number of D1 MSNs

that were active at the time of the previous footshock was

reduced when the shock was not present in extinction (to

23.81%; Figures S5I–S5M). Thus, D1 MSNs track stimulus pres-

ence and show that the population-level responses in the NAc

core are representative of a majority of the population.

D2 MSNs showed the same population response patterns

observed above—both when represented as field of view and

when presented as the average of all identified single-cell re-

sponses (Figures 5I–5K and S5C–S5H). Cue- and shock-respon-

sive cells were identified as any cell that had a significant

increased response (>1.96 Z scores from baseline) within 2 s of

cue onset and 2 s of shock onset, respectively. The increase in

population-level response to the cue over training was explained

by an increase in the size of the D2 MSN ensemble that was

evoked by the presentation of the predictive cue, which was

largest on the final fear condition session (FC4) compared with

the initial fear-conditioning session (FC1). Indeed, thepercentage

of cue-responsive D2 MSNs increased from 39.26% to 75.68%

of identified cells between FC1 and FC4 (Figures 5L and 5M,

left). Shock-responsive D2 MSNs were also increased and went

from 54.21% to 81.99% of the population (Figures 5L and 5M,

right). Critically, the oppositewas observedwhen animalsmoved

from fear conditioning to fear extinctionwhere the percentages of

responsive cells were reduced to 42.86% for the cue and to

34.92% for the footshock (Figures S5Q and S5R). These results
8 Neuron 112, 1–15, March 6, 2024
support the hypothesis that D2 MSNs signal predictions as this

signal progressively develops with learning (over fear condition-

ing) and is updated when new information is encountered (during

extinction). More specifically, the D2 MSN response to the cue

becomes stronger as the animals learn the association between

the cue and the footshock and weaken as this association is ex-

tinguished (Figures 5I–5K and S5N–S5R).

D2 MSN dynamics change over learning
To better understand how D1 and D2 MSN populations were

changing over experience, we used dimensionality reduction ap-

proaches to visualize how these populations were changing both

within and across sessions (Figures 6Ai–6Aiv). We performed a

principal-component analysis (PCA) and plotted the trajectory

summarizing the activity of all recorded neurons through the

space defined by the first and second principal components

(PCs). The large variation of the trajectory during the cue period

in the final fear-conditioning session (FC4, Figure 6Aiv) as

compared with the first fear-conditioning session (FC1, Fig-

ure 6Aiii) is consistent with the finding that more neurons are

engaged at this time in FC4 compared with FC1 (Figures 5L

and 5M). This difference was not apparent when comparing

FC1 and FC4 trajectories of D1-MSNs (Figures 6Ai and 6Aii),

again supporting that only D2-MSNs undergo changes at the

population level. While learning-dependent changes occur in

D2 MSNs, we wanted to further understand the cell response

patterns that characterized these changes and how the temporal

patterns of these responses changed over time.

D2 MSNs bridge cues and outcomes
For D2MSNs to function as a prediction error signal, both the cue

and the outcome response should be represented in the same

cells, rather than two separate populations. Analysis of the sin-

gle-cell responses during the first fear-conditioning session (FC1)

revealed 3 groups of D2 MSNs: (1) D2MSNs that showed a posi-

tive responseonly to thecue (cueonly), (2)D2MSNs that showeda

positive response only to the shock (shock only), and (3)D2MSNs

that showed a positive response to both the cue and shock (both

cue and shock; Figure 6B). Consistent with the data presented in

Figure6Ashowing little change in theD1MSN responses tostimuli

acrosssessions,we found thatmore thanhalf ofD1MSNs (55.1%)

responded to the shock only (Figure 6C), and this pattern was

roughly the same between FC1 (Figure 6C) and FC 4 (Figure 6D).

However, D2 MSN response patterns changed over learning.

Initially, only a small percentage of the D2 MSNs respond to both

the cue and shock (14.28%) while the rest of the cells respond

only to the cue (46.94%) or only to the shock (38.78%; Figure 6E).

However, when animals learned the association between the cue

andshock—in the fourth fear-conditioning session (FC4)—thema-

jority of the D2MSNs showed a positive response to both the cue

and the shock (65.38%; Figure 6F). Next, we used activity-based

co-registration todeterminewhethercells showingoneof the three

activity signatures were more or less likely to be active in subse-

quent sessions.Co-registeredcellswere identifiedbasedonactiv-

ity during the first fear-conditioning session (FC1) and compared

against activity signatures in the last fear-conditioning session

(FC4). Thus, only cells that were active in both FC1 and FC4

were considered co-registered (Figure 6G; see Figures S6A and
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Figure 5. D2 MSN recruitment is increased over learning and individual D2 MSNs respond to both the cue and the shock

(A) D1 and D2 MSN responses were recorded via cell-type-specific expression of GCaMP6m as described. A GRIN lens was implanted above the NAc core for

optical access.

(B) Fear conditioning. Mice received a 10-s cue followed by a 0.5-s shock.

(C) Freezing responses increased over training (repeated measures ANOVA, trial 3 group interaction F(3.990,35.91) = 4.21, p = 0.0068). Session 1 (FC1), session

4 (FC4).

(D) D1 MSNs responses across detected cells (157 cells in FC1, 180 cells in FC4).

(E) There was amoderate decrease in the peak response to the cue in the last session as compared with the first (independent sample t test, t335 = 2.51, p = 0.013,

n = 5 mice).

(F) The shock response did not change (independent sample t test, t335 = 0.6697, p = 0.5035, n = 5 mice).

(G and H) Percentage of the total D1 MSNs detected in each session that increased (positive), decreased (negative), or showed no response (no response) to the

cue or shock in the first (G, FC1) or last session (H, FC4). D1 MSN responses did not change over learning.

(I) D2 MSNs responses (107 cells in FC1, 111 cells in FC4).

(J) D2 MSN responses to the cue were increased over sessions (independent sample t test, t216 = 3.44, p = 0.0007, n = 5 mice).

(K) No difference in the shock response (independent sample t test, t216 = 0.71, p = 0.478, n = 5 mice).

(L and M) Percentage of D2 MSNs that increased (positive), decreased (negative), or did not respond (no response) to the cue and the shock in the first session

(L, FC1) and the last (M, FC4). The number of D2 MSNs that responded to the cue changed over learning.

Data represented as mean ± SEM. *p < 0.05, ***p < 0.001. (fear-conditioning session 1 [FC1]; fear-conditioning session 4 [FC4].)
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S6B for co-registration approach). Critically, cells that responded

to thecueonlywerenot likely tobe identified inFC4 (13%co-regis-

tered), while a majority of the D2MSNs that responded only to the

shock (84% co-registered) or both to the cue and shock (71.5%
co-registered) were re-recruited and active in FC4 (Figure 6H).

Additionally, of the cells that were shock responsive in FC1 and

co-registered in FC4, >60% showed a response to the cue in

FC4 (Figure S6C).
Neuron 112, 1–15, March 6, 2024 9
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Figure 6. D2 MSNs, but not D1 MSNs, change dynamically over learning in both the pattern and timing of responses to learned cues

(A) Neural trajectories summarizing the activity of D1-MSNs in fear-conditioning session 1 (FC1, [i], n = 157 neurons), D1-MSNs in fear-conditioning session

4 (FC4, [ii], n = 180 neurons), D2-MSNs in FC1 ([iii], n = 107 neurons), and D2-MSNs in FC4 ([iv], n = 111 neurons.) Each time point is depicted as an arrow pointing

in the direction of the next time point. The size of each arrow is proportional to the delay until the next time point (i.e., how fast the activity is moving along the

trajectory with large arrows depicting more rapid changes). The pre-cue baseline period is colored light gray, the cue period is color coded (D2-MSN/FC1, red;

D2-MSN/FC4, orange; D1-MSN/FC1, dark blue; D1-MSN/FC4, light blue), and the shock period is colored dark gray. As mice learn the cue-footshock con-

tingency, D2 MSN cue responses, but not D1 MSN responses, become more variable.

(B) D2 MSNs were categorized based on observed activity patterns in the NAc during the initial fear-conditioning session (FC1) in the following categories:

(i) response only to the cue, (ii) response only to the shock, and (iii) response both to the cue and shock.

(C) In D1 MSNs, most of the cells only responded to the shock during the initial fear-conditioning session (FC1).

(D) The D1 MSN cell recruitment to the cue and the shock was similar in the last fear-conditioning session (FC4), with a majority of cells responding only to

the shock.

(E) In D2 MSNs, initially (on FC1) only a small percentage of cells responded to both the cue and shock.

(F) In FC4, a majority of D2 MSNs responded to both the cue and shock.

(G) D2 MSNs were recorded on the first session (FC1) and cells detected during this session were longitudinally co-registered with cells in the last session (FC4)

based on activity during each session.

(H) Most of the cells that only responded to the cue in FC1 were not detected as active during the final fear-conditioning session (FC4, only 13% co-registered).

The majority of D2 MSNs that responded to the shock (either shock alone, or both cue and shock) were re-recruited in FC4.

(I) Heatmaps showing cue responses for fear-conditioning session 1 and 4 ordered by the tune of response following cue presentation.

(J) Histogram of event numbers for each second of the cue period, superimposed on the Z scored averaged calcium responses. Event analysis showed that the

number of D2 MSN events within the cue period increased with learning (chi square = 34.32, p < 0.0001) and the amplitude of those events became larger as well

([i] the whole cue period, unpaired t test, t718 = 4.26, p < 0.0001, n = 239–481 events). When clustered based on the timing of the response the peak event

amplitude was larger in FC4 during the early segment ([ii] from the cue onset to 3 s; unpaired t test, t301 = 3.76, p = 0.0002, n = 78–225 events) but not during the

middle ([iii] 3.5 s to 6.5 s, unpaired t test, t169 = 1.13, p = 0.26, n = 57–114 events) or the late ([iv] 7 s to the cue offset, unpaired t test, t191 = 1.33, p = 0.18, n = 73–120

events) segments of the cue period.

(K) The event onset was earlier in FC4 compared with FC1 (unpaired t test, t718 = 3.61, p = 0.0003, n = 239–481 events).

Data represented as mean ± SEM, ***p < 0.001, ****p < 0.001, ns, not significant. (fear-conditioning session 1 [FC1]; fear-conditioning session 4 [FC4]).
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Temporal pattern of D2 MSN response changes with
learning
We next used a hierarchical clustering approach to identify

different patterns of responses that were present within the D2
10 Neuron 112, 1–15, March 6, 2024
MSN population in response to the cue during fear conditioning

(Figures S6D and S6E). There were three major clusters of cells:

cells that responded early in the cue period, cells that responded

in the middle of the cue period, and cells that responded near the
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Figure 7. Optogenetic inhibition of D2 MSN

responses during the cue slows associative

learning

(A) The inhibitory opsin halorhodopsin (AAV5Ef1a.-

DIO.eNpHR3.0) was selectively expressed in D1 or

D2 MSNs. Representative histology.

(B) A laser (constant, 5 s, 8 mW, 590 nM) was illu-

minated at the time of cue onset.

(C) When D2, but not D1 MSNs, were inhibited mice

developed a freezing response at a slower rate (RM

ANOVA trial 3 group interaction F(2,18) = 8.17, p =

0.0030; multiple comparison D2 MSN versus eYFP

session 3, p = 0.0005).

(D) D2 MSN inhibition reduced freezing during the 3

training trials as compared with eYFP animals (one-

way ANOVA F(2,13) = 7.52, p = 0.0067; Bonferroni’s

post-hoc eYFP versus D1, p > 0.9999; eYFP versus

A2A, p = 0.018).

Data representedasmean±SEM. *p<0.05, **p<0.01.

Scale bar = 50 mm.
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end of the cue period. Between FC1 and FC4, the cluster of cells

that responded early in the cue increased both in magnitude and

number of cells that made up this population (Figure S6E), sug-

gesting that with learning, D2 MSN responses to the cue become

more time-locked to cue onset. Indeed, when D2 MSN cue re-

sponseswere ordered based response time during the cue period

for FC1 (top) and FC4 (bottom), there appeared to be a shift in the

timing, where responses occurred closer to cue onset (Figure 6I).

To statistically test this, D2MSN calcium events that occurred any

time within the cue window were identified and analyzed. Be-

tween FC1 and FC4 the amplitude of events increased (Figure 6Ji,

all events), and the number of D2 MSN events within the cue

period increased (Figure 6J, bottom histogram), without any

change in the kinetics of individual events (Figure S6F).

When events were clustered and analyzed based on the timing

of the response during the cue period, these effects were largest

during the first 3 s of the 10-s cue period (Figures 6ii–6iv). In the

last fear-conditioning session (FC4), over 55% of the events

occurred in the first 3 s following cue presentation, and 10%

occurred in the last 3 s (Figure S6G), suggesting a shift in the

timing of the response toward earlier in the cue period over

learning. Indeed, there was a significant decrease in the average

response time of all events (i.e., earlier in the cue period) between

FC1 and FC4 (Figure 6K).

Together these data show that the number of D2 MSNs that

respond to a cue is increased over learning, the cells that are re-

cruited evolve to respond to both the cue and the shock over

learning, and the temporal profile of these responses shifts to

be more aligned with the cue onset as the cue becomes more

predictive.

D2 MSN cue responses are necessary for learning
Finally, to test whether D2 MSN activity at the time of a cue was

necessary for associative learning, we expressed halorhodopsin
(NpHR), an inhibitory opsin, selectively in

D1 or D2 MSNs, using D1- and A2A-Cre

mice, respectively (Figure 7A). Mice under-
went fear conditioning, as described above, where a 5-s cuewas

paired with a brief shock. On each trial, D1 and D2 MSNs were

inhibited for the duration of the cue presentation (590 nm,

8 mW, constant; Figure 7B). Inhibiting D2 MSNs during the cue

presentation resulted in a deficit in learning the cue-outcome

association as compared with the D1-cre and eYFP controls

(Figures 7C and 7D). D1 MSN inhibition at the time of the predic-

tive cue did not have any effect on the trajectory of associative

learning (Figures 7C and 7D). These effects cannot be explained

by changes in motor activity, as these stimulations had no effect

on open-field locomotion (Figures S7A–S7C). Additionally, when

D2 MSNs were inhibited during appetitive conditioning, this also

slowed the trajectory of learning for sucrose in a reinforcement

task (Figures S7D and S7F). In the larger context of our study,

these results strongly suggest that the positive and cue-evoked

D2MSN signal in the NAc that occurs at the time of the predictive

cue causally mediates cue-outcome associations, regardless of

valence.

DISCUSSION

Here, using a wide range of paradigms that result in behavioral

responses to stimuli of both positive and negative valence, we

characterized the precise role that NAc core D1 and D2MSN ac-

tivity plays in behavioral control. At the population and single-cell

level, we showed that D1MSNs in theNAc core responded to the

presence of unconditioned stimuli—regardless of valence.

Conversely, D2 MSNs in the NAc core responded in a predic-

tion-based fashion, increasing with learning, scaling with predic-

tion, and causally controlling the trajectory of associative

learning. Overall, these data show that D1 and D2 MSNs in the

NAc core do not have opposing roles in behavioral control.

Rather, they work in tandem to provide information regarding

specific valence-independent aspects of associative learning.
Neuron 112, 1–15, March 6, 2024 11
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While the NAc has been referred to as a reward-associated

brain region,23,32,59,60 these studies are not the first to show

that signaling within the NAc, and also the dorsal striatum,61 is

causally related to both aversive and appetitive stimulus

processing.17,19,21–26,55,62,63 While some of these studies ex-

plained these results based on the idea of bidirectional valence

coding, the results from our experiments, which examine a wider

range of behavioral responses and contingencies, suggest that

signaling in the NAc— especially the core region63–67—may

best be explained by valence-independent factors that allow

for adaptive behavioral control across contexts and conditions.

This is also consistent with data across a range of experiments

and fields showing that D1 and D2MSNs receive overlapping in-

puts of sensory and cortical systems68 and stimulation of inputs

into the NAc from the prefrontal cortex, hippocampus, or baso-

lateral amygdala inputs are reinforcing.31,69,70 Indeed, we and

others show that the stimulation of both D1 and D2 MSNs sup-

ports reinforcement,47,49–51 indicating that these populations

do not track valence or opposing motivational drive. It is impor-

tant to note, however, that there is regional heterogeneity

when it comes to behavioral control in the NAc,67 and it is

possible that these effects are specific to the NAc core. Never-

theless, these data still show that the idea of opposing valence

cannot explain the role of these populations ubiquitously

throughout the ventral striatum.

The framework presented within this manuscript is consistent

with a large amount of emerging data on the role of these popula-

tions in behavioral control. Recent work has shown that manipu-

lating D2 MSNs alters behavior, especially under unpredictable

conditions (risky choice) and when behavioral updating is neces-

sary.53 Zalocusky et al.53 showed that in amodel of risk preference

in rats, stimulation of D2MSNsduring a periodwhere animalswere

presentedwithachoice toemit anoperant responseornot resulted

in fewer risky choices. Here, we show that D2MSNs track the pre-

dictability of cues and are engaged during similar types of operant

tasks ina fashion that tracksperformance.Nishiokaetal.48showed

that optogenetic inhibition of D2 MSNs in the NAc during trials

where there were errors in outcomes negatively impacted perfor-

mance in the subsequent trial. Here, we show that D2 MSNs track

predictions andsignalwhenoutcomesareunexpected, something

that would be necessary for error-based updating.

Thesedataarealsoconsistentwithpreviousworkusingoptoge-

netics, where activation of D2 MSNs during a reward-predictive

cue enhances motivation.50,71 This would be predicted based on

the idea that D2MSNs transmit a prediction signal, and this would

enhance the association between cues and outcomes, thus

increasing operant performance. This same work also showed

that triggering activity during the foodpellet delivery reducesmoti-

vation,50,71 which would also be expected if D2MSNswere trans-

mitting a prediction error signal as an increase in the D2 MSN

response at the time of the outcome would signal an error in pre-

diction—i.e., that food is no longer presented following that ac-

tion—and reduce future responding. The data included within

thismanuscript are alsoconsistentwithother recentworkshowing

that bothD1andD2MSNactivity is evoked in response to food re-

wards,72–74whereweshowhere that unexpectedsucrosedelivery

results in increased D1 MSN responses (signaling stimulus pres-

ence) andD2MSN responses (signaling anunexpectedoutcome).
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Together, the data presented within the current manuscript and

data from others converge to show that D2MSN activity is critical

in situationswhere updating is necessary. Overall, the ability of D1

and D2MSNs to signal precise types of information along with the

fact that there is evidence of collateral transmission between

MSNs suggests an ongoing relationship between D1 and D2

MSNs,75,76 which likely allows for the ability to refine responses

to relevant environmental stimuli.

Finally, these data are critical for conceptualizing how experi-

ence-dependent changes within these two cellular populations

give rise to behavioral maladaptation associated with disease

states. There has been extensive characterization of the effects

of drugs of abuse on D1 and D2 MSNs at the molecular and

cellular level. Acute drug exposure has been shown to enhance

D1 MSN, while suppressing D2 MSN activity—likely through

activation of dopamine receptors on these populations.38,77

Additionally, repeated drug exposure has been shown to result

in long-lasting enhancement of synaptic activity in D1 MSNs

relative to D2 MSNs.38,39,78–81 D2 MSNs have also been linked

to drug-associated plasticity and seeking, especially as it relates

to cue-driven behavior like drug seeking, or drug-taking under

more variable reinforcement schedules,37,82 a result that would

be predicted based on these data as well. Given the critical

role we have identified here for D1 and D2 MSNs in associative

learning, it is plausible that drugs of abuse may disrupt the bal-

ance critical for forming associations between predictive cues

and outcomes.33–35,37,43,83

By experimentation that integrates learning across contexts,

behavioral action, and valence, we provide a framework for ac-

cumbal MSNs in valence-independent behavioral control. We

conclude that NAc coreMSNs help coordinate the learning of as-

sociations to drive adaptive behavior in all cases. The roles that

D1 and D2 MSNs play in adaptive behavior thus provide new in-

sights into many of the psychopathologies associated with dis-

ruptions in this brain region—including substance use disorders,

gambling, and depression among others.3–5,7,8,84 In effect, we

can frame many of these disorders as dysregulation in adaptive

associative learning processes, a perspective that can ultimately

reshape how we treat them.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GFP Abcam #AB13970, RRID:AB_300798

anti-chicken AlexaFluor 488 Life Technologies #A-11039, RRID:AB_2534096

Bacterial and virus strains

AAV5.Syn.Flex.GCaMP6f.WPRE.SV40 Chen et al.85 Addgene #100833-AAV5, RRID:Addgene_100833

AAV5.CAG.Flex.GCaMP6m.WPRE.SV40 Chen et al.85 Addgene #100839-AAV5, RRID:Addgene_100839

AAV5. Ef1a.DIO.NpHR3.0-YFP Deisseroth Lab

Gradinaru et al.86
Addgene # 26966-AAV5, RRID:Addgene_26966

AAV5.Ef1a.DIO.hChR2 Mattis et al.87 Addgene #35509-AAV5, RRID:Addgene_35509

AAV5.hSyn1.eYFP Challis et al.88 Addgene #117382-AAV5, RRID:Addgene_117382

AAV5-Syn-FLEX-rc[ChrimsonR-tdTomato] Klapoetke et al.89 Addgene #62723-AAV5, RRID:Addgene_62723

Experimental models: Organisms/strains

C57BL/6J mice Jackson Laboratories SN: 000664

D1-Cre mice Jackson Laboratories SN: 030329

Adora2a (A2A)-Cre mice Mutant Mouse Resource and

Research Centers

SN: 036158-UCD

Software and algorithms

Matlab R2019b Mathworks N/A

Prism9.0 Graphpad N/A

Constrained non-negative matrix factorization

algorithm (CNMF-E)

Zhou et al.90 N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Erin Cal-

ipari (erin.calipari@vanderbilt.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Data reported in this paper are available from the lead contact upon reasonable request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Inscopix Data Process Software (IDPS) Inscopix N/A
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects
Male and female 6- to 8-week-old D1:Cre (Jax: #030329) and A2A:Cre (MMRRC RRID:MMRRC_036158-UCD) mice were obtained

from Jackson Laboratories and the Mutant Mouse Resource and Research Centers (MMRC) repository (University of Missouri,

Columbia, MO), respectively. All animals were maintained on a 12h reverse light/dark cycle. Animals had ad-libitum access to

food and water except for the studies that employed sucrose as the main reinforcer, where mice were food restricted to 90% of

free-feeding weight for the duration of the studies. Mice were weighed every other day to ensure that weight was maintained. All ex-

periments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at Van-

derbilt University School of Medicine, which approved and supervised all animal protocols.
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METHOD DETAILS

General Surgical Procedures
Ketoprofen (5mg/kg; subcutaneous injection) was administered at least 30mins before any surgical procedure. Ophthalmic ointment

was applied to the eyes before and throughout the duration of surgery. Under Isoflurane anesthesia (induced at 4%, maintained

at 1.5% in O2), mice were positioned in a stereotaxic frame (Kopf Instruments, Tujunga, CA). Using aseptic techniques, a midline

incision was made down the scalp and a craniotomy was made using a dental drill. A 10-mL Nanofil Hamilton syringe (WPI) with

a 34-gauge beveled metal needle was used to infuse viral constructs into the NAc core as follows:

For fiber photometry and optogenetics

TheNAc core was targeted for virus injection (from bregma, A/P = +1.4mm;ML =+1.5mm;D/V =�4.3mm; 10� angle). Targetingwas

unilateral for fiber photometry and optogenetic excitation (channelrhodopsin) experiments and bilateral for optogenetic inhibition

(halorhodopsin) experiments. Virus was infused at a rate of 50 nL/min for a total of 500 nL. All viruses were adeno-associated viruses

(AAV), and which viruses were used for each experiment are outlined in the experimental details. Following AAV infusion, the needle

was kept at the injection site for seven minutes and then slowly withdrawn. Permanent implantable 2.5 mm fiber optic canula were

implanted in the NAc [(Doric Lenses, Quebec, Canada) (Fiber Photometry: 400mM fiber core, 0.48 NA; Optogenetics: 200mM fiber

core, 0.22 NA)]. Fiberoptic cannula were positioned above the viral injection site (from bregma, A/P = +1.4 mm; ML = +1.5 mm;

D/V =�4.2 mm; 10� angle) and were cemented to the skull using C&BMetabond adhesive cement system (C&BMetabond; Parkell).

For microendoscopic imaging

Viral injection targetingof theNAccorewasdoneasdescribedabove (frombregma,A/P=+1.4mm;M/L=+1.0mm;DV=�3.8;0� angle).
These coordinates targeted the same area of the NAc core as above but without an angle. After viral infusion, the craniotomy was

enlarged, and the duramater was removedwith a 26-gauge beveled needle. No tissuewas aspirated. Proview integrated lenses (Insco-

pix) were used for all mice in these studies. These lenses are a combination of a traditional gradient index (GRIN) lens with a baseplate

already attached, allowing for lens implantation and baseplate surgery to be done in the same surgical procedure. A 0.6 mm diameter,

GRIN lens (7.3mm length, Inscopix) was lowered stereotaxically through the craniotomy -3.7mm into the brain. The remaining portion of

the lens was above the skull and attached to the baseplate. Lenses were implanted slightly above the track for virus infusions to avoid

tissue damage in the imaging plane. the lenswas positioned above the viral injection site (from bregma, A/P = +1.4mm;M/L = +1.0mm;

D/V = �3.7 mm; 0� angle) and was cemented to the skull using adhesive cement (C&B Metabond; Parkell). The baseplate, which is

attached to the lens, was cemented around the lens and to the skull to support the connection of the miniaturizedmicroscope for freely

moving imaging. Mice were allowed to recover for 6-8 weeks until testing for signal and beginning experimental testing.

Histology
At the end of each of the behavioral/imaging experiments outlined below, subjects were deeply anesthetized with an intraperitoneal

injection of Ketamine/Xylazine (100mg/kg/10mg/kg) and transcardially perfusedwith 10mL of PBS solution followed by 10mL of cold

4%PFA in 1x PBS. Animals were quickly decapitated, the brain was extracted and placed in 4%PFA solution and stored at 4 �C for at

least 48-hours. Brains were then transferred to a 30% sucrose solution in 1x PBS and allowed to sit until brains sank to the bottom of

the conical tube at 4 �C. After sinking, brains were sectioned at 35mm on a freezing sliding microtome (Leica SM2010R). Sections

were stored in a cryoprotectant solution (7.5% sucrose + 15% ethylene glycol in 0.1 M PB) at -20 �C until immunohistochemical pro-

cessing. We immunohistochemically stained all NAc slices with an anti-GFP antibody (chicken anti-GFP; Abcam #AB13970, 1:2000

in 5%BSA in PBS; room temperature overnight) for GCaMP6f, GCaMP6m, channelrhodopsin, and halorhodopsin for the validation of

viral placement. Sections were then incubated with secondary antibodies [gfp: goat anti-chicken AlexaFluor 488 (Life Technologies

#A-11039, 1:1000 in 5%BSA in PBS)] overnight at 4-degree temperature. After washing, sections were incubated for 5 min with DAPI

(NucBlue, Invitrogen) to achieve counterstaining of nuclei before mounting in Prolong Gold (Invitrogen). Fluorescent images were

taken using a Keyence BZ-X700 inverted fluorescence microscope (Keyence), under a dry 10x objective (Nikon). The injection site

location and the fiber implant or GRIN lens placements were determined via serial imaging in all animals. We identified sections

that displayed the NAc core, viral expression, and fiber optic tip.

FIBER PHOTOMETRY

Fiber photometry general approach
A Cre-recombinase-dependent virus carrying the fluorescent calcium indicator GCaMP6f (AAV5.hSyn.Flex.GCaMP6f.WPRE.SV40)

was expressed in theNAc coreof transgenicmice that express cre-recombinase in eitherD1MSNs (D1-Cremice) orD2MSNs [Adora2a

(A2A)-Cre mice]. Resulting fluorescent signals were recorded through a permanently implanted fiberoptic (400mm fiber diameter,

0.48 NA) affixed to each mouse’s skull (described in surgical procedures). The fiber photometry recording system uses two light-emit-

ting diodes (LED, Thorlabs) controlled by an LED driver (Thorlabs) at 490nm (run through a 470nM filter to produce 470nM excitation -

the excitation peak of GCaMP) and 405nm (an isosbestic control channel, 91–94). LED emissions pass through several filters and are

reflected off of a series of dichroicmirrors (FluorescenceMiniCube, Doric) allowing for emission and the recording of resulting excitation

through the same optical system. LEDs were controlled by a real-time signal processor (RZ5P; Tucker-Davis Technologies) and emis-

sion signals from each LED stimulation were determined via multiplexing. The fluorescent signals were collected via a photoreceiver
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(Newport Visible Femtowatt Photoreceiver Module, Doric). Synapse software (Tucker-Davis Technologies) was used to control the

timing and intensity of the LEDs and to record the emitted fluorescent signals. The LED intensity was set to 125mW for each LED

and was measured daily to ensure that it was constant across trials and experiments. For each event of interest (e.g., predictive

cue, head entries, licks, shock), transistor-transistor logic (TTL) signals were used to timestamp onset times from Med-PC V software

(Med Associates Inc.) and were detected via the RZ5P in the synapse software (explained in more detail in the analysis section below).

Fiber photometry analysis
The analysis of the fiber photometry data was conducted using a customMatlab pipeline, as we have described previously.19,95 Raw

470nM (F470 channel) and isosbestic 405nM (F405 channel) traces were collected at a rate of 1000 samples per second (1kHz). The

raw data fromeach individual channel (450nMor 470nM)was thenminimally filtered using a lowess filter before calculatingDf/f values

via polynomial curve fitting. For the lowess filter, the number of data points for calculating the filtered value was set to 0.0004 (values

closer to 1 indicates stronger smoothing). Df/f for the entire trace was calculated as (F470nm-F405nm)/F405nm. This transformation

uses the isosbestic F405nm channel, which is not responsive to fluctuations in calcium, to control for calcium-independent fluctu-

ations in the signal and to control for photobleaching. Then, the data from the resulting Df/f trace was cropped around behavioral

events using TTL pulses. For each experiment 2s of pre-TTL and 18s of post-TTLDf/f valueswere analyzed. Z-scoreswere calculated

from the cropped trace by taking the pre-TTLDf/f values as baseline (z-score = (TTLsignal - b_mean)/b_stdev, where the TTL signal is

the Df/f value for each post-TTL time point, b_mean is the baseline mean, and b_stdev is the baseline standard deviation). This al-

lowed for the determination of calcium events that occurred at the precisemoment of each significant behavioral event. For statistical

analysis, peak height, and area under the curve (AUC) values were calculated for each individual trace around identified behavioral

relevant events via trapezoidal numerical integration on each of the z-scores across a fixed timescale which varied based on exper-

iment. The duration of the peak height and AUC data collection was determined by limiting the analysis to the z-scores between time

0 (TTL signal onset) and the time where the calcium signal returns to the pre-event baseline.

CELLULAR RESOLUTION CALCIUM IMAGING VIA MICROENDOSCOPES

Single cell imaging general approach
For calcium imaging at the single cell level, we used endoscopic miniaturemicroscopes (nVistaminiaturemicroscope, Inscopix). Cal-

cium signals were recorded via the calcium in sensor GCaMP6m (GCamP (AAV5.CAG.Flex.GCaMP6m.WPRE.SV40). Signals were

recorded on the miniature microscopes through the GRIN lens allowing for the resolution of single cells. Single cell activity in the NAc

core was recorded in awake and behaving animals. During each behavioral session, the miniscope was attached to the baseplate

that was implanted previously (see surgical section for description). The imaging parameters (gain, LED power, focus) were deter-

mined for each animal to ensure recording quality and kept constant throughout the study. At the end of the recording session,

the miniscope was removed and the baseplate cover was replaced.

Image processing and signal extraction
Data was acquired at 20 frames per second using nVista miniature microscopes (Inscopix). Image processing was accomplished

using Mosaic software (v.1.3.1., Inscopix Data Processing Software v1.3.1 (Mountain View, CA)). Raw videos were pre-processed

by applying 2x spatial downsampling to reduce file size and processing time, and isolated dropped frames were corrected. No tem-

poral downsampling was applied. Lateral movement was corrected by using a portion of a single reference frame using Inscopix Data

Processing Software (IDPS v1.3.1). Images were cropped to remove post-registration borders and sections in which cells were not

observed. Videos were then exported as TIF stacks for analysis. After motion correction and cropping, a constrained non-negative

matrix factorization algorithm optimized for micro-endoscopic imaging (CNMF-E) was utilized to extract fluorescence traces from

neurons.90,95 CNMF-E cell detection parameters were as follows: patch_dims = 50, 50; K = 20; gSiz = 20; gSig = 12; min_pnr =

20; min_corr = 0.8; max_tau = 0.400. Considering calcium fluctuations can exhibit negative transients, associated with a pause in

firing,69 we did not constrain temporal components to >=0. The Df/f values were computed for the whole field of view as the output

pixel value was represented as a relative percent change from the baseline. Raw CNMF-E traces were used for all analyses. The

spatial mask and calcium time series of each cell were manually inspected using the IDPS interface. Cells found to be duplicated

or misdetected due to neuropils or other artifacts were discarded.

Calcium activity quantification
Stimulus-evoked activity was assessed by aligning calcium activity traces around cue or stimulus onset. Transitor-transistor logic (TTL)

signals fromMedPCwere directly fed to the nVista system. The behavioral apparatus was interfaced with the miniature microscope via

BNCcables and the onset of behavioral events - cuesand shocks -were associatedwith a frameof the video using TTLs. TheDf/f values

for each movie frame were calculated as M’(x,y,t) = (M(x,y,t)-Fbaseline(x,y))/Fbaseline(x,y) where M’ is the output movie with Df/f values,

M(x,y,t) is the value for the pixel coordinate (x,y) at the t frame of the movie, and Fbaseline(x,y) is the baseline value for the (x,y) coordinate.

The rawDf/f data from the CNMF-E programwas exported and used for peri-event analysis. Data was cropped around each significant

event (cue presentations; TTL) and z-scored to normalize for baseline differences. Z-scores were calculated by taking the pre-TTL Df/f

valuesasbaseline (z-score= (TTLsignal - b_mean)/b_stdev,whereTTLsignal is theDf/f value for eachpost-TTL timepoint, b_mean is the
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baseline mean, and b_stdev is the baseline standard deviation). For traces aligned around a stimulus, a baseline window of 2 seconds

prior to stimulusonsetwas used. Z-scored traceswere thenaveragedacross trials to create one traceper neuron for each stimulus type.

To quantify themagnitude of the response, peak height (themaximum value of the calcium transient) and area under the curve (AUC) for

each animal’s averaged population trace was calculated. Values across a two second window beginning at stimulus onset were aver-

aged, and this value was used to determine the response profile of each individual cell. We then calculatedwhether the cell response to

the cues and shock outcomeswere significant to determine responsive and non-responsive cells aswell as the direction of the response

(positive, negative, or no response). For this analysis, we calculatedpeak heights of the cue or shock evoked response froman individual

cell averaged from 6 fear-conditioning trials as the maximum z-score achieved during a 2 second post-TTL window. We then ran two

separate one-tailed independent t-tests to determine whether the response was significantly higher than +1.96 or lower than -1.96,

the critical z-score for significance at p=0.05. For the AUCs, we used one-tailed independent t-tests to determine whether the mean

AUC value was significantly different than 0. The cells that showed an averaged maximum response through 6 trials higher than the

thresholdwere labeled as ‘‘Positive’’ cells. The cells that showed a significant negative responsewere labeled ‘‘Negative’’ cells. All other

cells were determined as ‘‘No response’’ cells. We conducted this analysis for the cue and shock cell responses.

Longitudinal co-registration
To identify cells and their responses across days within the same animal we used the longitudinal registration pipeline, defined in the

Inscopix Data Process Software (IDPS) Guide (Section 4.9.1 Longitudinal Registration) identify the same cell across recording ses-

sions in longitudinal series. Briefly, the algorithm uses the CNMF-E processed cell-map, which is an average of cellular activity re-

sponses across a recording session. The program then takes the number of cell segmentation outputs and creates an aligned "sum-

mary" cell map made of binarized spatial maps of all the ROIs that appear in the cell sets for each recording session. Each cell map

was then aligned to the first cell map using a rigid transformation that accounts for translation and rotation. The aligned cell map is

then designated global IDs and a normalized cross correlation (NCC) value is calculated. This NCC value is a measure of the ratio of

overlap between a pair of ROIs from the ‘‘summary’’ cell map and the individual cell map. Matches are selected by identifying the

maximal NCC value from the correlation matrix of ROI comparisons. Because cells may only be active in particular cell sets, a

‘‘match’’ means that an active cell in FC1 and FC4 were located in the same place in the field. For this set of experiments the images

of the first cell set (the first day of fear conditioning, FC1) were defined as the global cell set against which the other cell sets are

matched (this map was compared to the map that was detected on the final session of fear conditioning, FC4, and then indepen-

dently to the cell map on the final session of extinction, EXT4). We then find the pair of cell images between the global cell sets

and other aligned cell sets that maximize the normalized cross correlation (NCC). The program then generates an output that aligns

the same cell from across sessions. We are thus able to determine if the same cell is active across sessions. To validate the accuracy

of the co-registration pipeline, we also manually overlaid the co-registered cell maps onto the FC4 cell map (Figures S11 and S12).

We then manually identified the co-registered cells to ensure there was no misalignment. We found that the co-registration maps are

highly accurate in terms of identifying the cells active both during FC1 and FC4.

Neural trajectory analysis
This analysis was performed using custom codewritten in python (v3.10.9). For each cell, we computed themean activity across the six

trials of each session. We applied a gaussian filter with sigma=1bin (0.05s) and standardized the resulting smoothed average using the

scipy.stats.zscore() method (scipy v1.10.0). All recorded neurons for each condition were combined into a timepoint x neuron matrix

(one matrix for each of D1-MSN/FC1, D1-MSN/FC4, D2-MSN/FC1, D2-MSN/FC4). We then performed principal component analysis

(PCA) by computing the covariance matrix using numpy.cov() followed by eigen value decomposition using numpy.linalg.eigh() (numpy

v1.23.5). The resulting principal components were sorted and the top two were used for visualizing the trajectory through PCA space.

Hierarchical clustering
Using the D2MSN calcium traces from all the cells detected in the fear conditioning session 4, we employed a hierarchical clustering

approach to group cells based on their cue responses in an unbiased way. We used the ‘‘clustergram’’ Matlab function and the

‘‘correlation’’ distance metric to group the cell activity.

BEHAVIORAL EXPERIMENTS

Apparatus
Mice were trained and tested daily in individual Med Associates (St. Albans, Vermont) operant conditioning chambers fitted with two

illuminated nose pokes on either side of an illuminated sucrose delivery port, all of which featured an infrared beam break to assess

head entries and nose pokes as well as a lickometer (Med Associates) to record tongue contacts on the sipper. One nose poke func-

tioned as the active and the other as the inactive nose poke depending on the phase of the experiment (described below). Responses

on both nose pokes were recorded throughout the duration of the experiments. Chambers were fitted with additional visual stimuli

including a standard house light and two yellow LEDs located above each nose poke. Auditory stimuli included a white noise gener-

ator (whichwere used at 85 dB in these experiments) and a 16-channel tone generator capable of outputting frequencies between the
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range of 1 and 20 kHz (also presented at 85 dB). Each box was outfitted with an infrared camera that recorded behavioral sessions

and allowed for the analysis of freezing behavior (described below).

Each code that was written to run the MedPCV program for each of the behavioral tests below was coded to also send a TTL pulse

at the onset of each behaviorally relevant stimulus. This was sent through a BNC connection that interfaced with either the TDT fiber

photometry synapse software (for fiber photometry recordings) or with the Inscopix recording software (for microendoscopic imag-

ing). A series of behavioral experiments were run throughout this study to link activity within D1 and D2MSNs to behavioral respond-

ing in Pavlovian and reinforcement contexts. They are outlined in detail below:

Positive Reinforcement
Mice were trained to nose poke on an active nose poke - denoted by its illumination - for delivery of sucrose in a trial-based fashion.

Following a correct response, the sucrose delivery port was illuminated for 5 seconds, and sucrose was delivered (1s duration of

delivery, 10% sucrose w/v, 10ul volume per delivery). To create a trial-based procedure, a discriminative stimulus (Sd, sucrose) – an

auditory cue – signaled that responses emitted during the presentation of the Sd would result in the delivery of sucrose. In these ex-

periments, the Sd was white noise (85dB). Responses made during the Sd resulted in sucrose delivery and responses made at any

other time in the session were recorded, but not reinforced. During the initial training, the Sd was presented throughout the entirety of

each 1-hour session and animals could respond for sucrose without interruption. When animals reachedR 60 active responses in a

single session, they were then moved to a discrete trial-based structure in subsequent 1-hour sessions, wherein the Sd was pre-

sented for 30 seconds at the beginning of each trial with a variable inter-trial interval (ITI) – on average the interval was 30 seconds,

with interval times ranged from 20 to 40 seconds. Each trial ended following a correct response and associated sucrose delivery or at

the end of a 30 second period with no active response. At the end of the trial both the Sd, and sucrose were terminated. Animals that

exhibited active responses inR 80%of trials during a session then proceeded to the final phase of training wherein the duration of Sd

sucrose was reduced to 10 seconds. Upon reaching the 80% criterion during this phase (i.e., acquisition), post-training calcium re-

sponses in D1 and D2 MSNs were recorded over a 30 min session.

Negative Reinforcement
Mice were trained to emit an operant response on the opposite, non-sucrose-paired nose poke for shock avoidance. A second

auditory discriminative stimulus (Sd, shock; 85dB at 2.5kHz) was presented at the beginning of each trial following a variable inter-

trial interval (ITI) – on average the interval was 76 seconds, with interval times ranged from 30 to 150 seconds. In each trial, the

discriminative stimulus was presented for 30 seconds after which a series of 20 footshocks (1mA, 0.5 second duration) was

delivered with a 10 second inter-stimulus interval. Trials ended when animals responded on the correct nose poke or at the

end of the shock period. The end of the shock period was denoted by the presentation of a house light cue that signaled

the end of the trial and was illuminated for one second. During these trials, mice could respond during the initial 30 second

Sd, shock period to avoid shocks completely, respond any time during the shock period to terminate the remaining shocks, or

not respond at all. If mice did not respond both the trial and Sd, shock were terminated after all 20 shocks had been presented

(230 seconds total). Acquisition during negative reinforcement training was defined as receiving fewer than 20% of total shocks

in a single one-hour session.

Unsignaled footshocks of varying intensities
Behaviorally naı̈ve mice were placed into the same operant boxes used above, however, none of the ports or cues were active. A

total of 8 footshocks were delivered in a non-contingent and inescapable fashion over a 12-minute period. Shocks were delivered

at 0.3mA and 1mA intensities (4 presentations for each shock intensity). Shocks were delivered in a pseudo-random order with

variable inter-stimulus intervals (mean ITI = 30 sec). All shock intensities were presented within the same test session. Shocks

were delivered by the Standalone Aversive Simulator/Scrambler (Med Associates, Env 4145). Shock intensities were measured

prior to the session via ammeter (Med Associates, ENV-421-B) with two clip leads attached to the grid rods in the Med Associates

chamber. During the session, shock intensities were manually changed on the Standalone Aversive Simulator/Scrambler

interface.

Unsignaled sucrose delivery
Mice with no prior training history were placed into the operant box and were given ad libitum access to the port, which wasmanually

filled with sucrose (10% sucrose w/v,) prior to the session. Sessions were 30 minutes in length. Tongue contacts on the sucrose cup

were recorded using an electrical lickometer (sampled at 1 kHz), and via continuous video is collectedwith an overhead camera. Each

lick triggered a TTL output to the fiber photometry recording software allows for signal alignment around the first sucrose lick in each

mouse. If mice did not lick, the session was run the next day until mice made a lick for sucrose.

Fear conditioning followed by extinction
Mice received a single footshock (1mA, 0.5 second duration) immediately following a 5 second auditory cue (5kHz tone; 85dB) for 6

pairings. Mice underwent 4 fear conditioning sessions over four consecutive days, followed by 4 extinction sessions in which the cue

was presented, but shocks were omitted entirely. For cellular resolution imaging experiments, the cuewas presented for 10s, instead
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of 5, during the fear conditioning and fear extinction sessions. This was due to the reduced movement of the mice in response to the

sizeable scope. Every session was captured with an infrared camera. Freezing analysis was assessed during the cue presentation for

each animal. Freezing was hand-scored by an observer who was blind to the experimental conditions. Time spent freezing was re-

corded (immobile – lack of any movement including sniffing) from the cue onset to cue offset.

Fear conditioning with changing cue-outcome probabilities
Mice underwent two sessions of fear conditioning in which the probability of the cue being followed by a foot shock was changed to

probe how neural responses changed to the cue and the shock under these conditions. In session 1, on 10% of the trials the auditory

cue (5 second; 1kHz tone; 85dB) was followed by a single brief shock (1mA, 0.5 second duration) at the offset of the cue. On the

remaining 90%of trials, the same cuewas presentedwithout the shock. Trials were interleaved in a pseudo-random order. In session

2, 75% of the trials were cue-shock pairings and 25% were cue-no shock pairings. We analyzed the cue and shock response on the

trial in which mice had received 10% of the cue-shock pairings (session 1) or 75% (session 2). A separate experiment was run where

two sessions were run on two consecutive dayswhere on 10%of the trials the auditory cue (5 second; 1kHz tone; 85dB) was followed

by a single brief shock (1mA, 0.5 second duration) at the offset of the cue. In the remaining 90%of trials, the same cue was presented

without the shock.

OPTOGENETICS

Intracranial Self-Stimulation (ICSS)
In a group of D1 or A2A-Cre mice, channelrhodopsin [excitatory opsin (AAV5.Ef1a.DIO.hChR2)], or eYFP [control vector

(AAV5.hSyn1.eYFP)] was unilaterally expressed in the NAc core as described about in the surgical procedures section. A 200um fiber

optic implant (Doric, 0.22 NA; MFC_200/240-0.22_4.7mm_MF2.5_FLT) was placed into the NAc core above the viral injection site.

Mice were placed in an operant chamber where responses on an active nose poke resulted in laser stimulation (470nm, 2s, 14Hz,

8mW), and responses on the inactive nose poke had no programmed consequences. No other stimuli were present during this

task (house lights, cue lights, etc.). The number of active and inactive nose pokes was recorded during the two-hour session for

four days. The active and inactive nose poke were counterbalanced across mice.

Optical inhibition of D1- and D2-MSNs during fear conditioning
Halorhodopsin [inhibitory opsin (AAV5.Ef1a.DIO.eNpHR3.0.YFP)] or eYFP [control vector (AAV5.hSyn1.eYFP)] was bilaterally ex-

pressed in D1-Cre and A2A-Cre mice using the strategies previously described. In a fear conditioning session, mice received a single

footshock (1mA, 0.5 second duration) immediately following a 5 second auditory cue for 3 pairings. The cue was a tone (5kHz tone;

85dB). During this initial training session, each presentation of the cue was optically inhibited (5 sec, 8 mw, continuous laser) for the

duration of the cue presentation. Freezingwas hand-scored for the 5 second pre-footshock cue period for each trial in a blind fashion.

The freezing response was defined as the time (seconds) that mice were immobile (lack of any movement including sniffing) during

the tone period and calculated as the percentage of total cue time.

Optical inhibition of D1- and D2-MSNs during positive reinforcement
Halorhodopsin [inhibitory opsin (AAV5.Ef1a.DIO.eNpHR3.0.YFP)] or eYFP [control vector (AAV5.hSyn1.eYFP)] was bilaterally ex-

pressed in A2A-Cremice using the strategies described for the fear conditioning experiments above. All mice received the same pos-

itive reinforcement training described for the fiber photometry experiments above. During the initial training, the Sd was presented

throughout the entirety of each 1-hour session and animals could respond for sucrose without interruption. When animals reached

R 60 active responses in a single session, they were then moved to a discrete trial-based structure in subsequent 1-hour sessions,

wherein the Sd was presented for 30 seconds at the beginning of each trial with a variable ITI. During this discrete cue session, each

presentation of the cue was optically inhibited (590nM, 5 sec, 8 mw, continuous laser) for the initial 10 seconds of the cue presen-

tation. Mice received 4 such training sessions and their nose poke responses during the cue presentations were recorded (active

nose pokes). We converted the number of active nose pokes for each session to the percentage of the active nose poke response

numbers during the first training session (%Baseline active response) in order to eliminate the initial baseline learning differences be-

tween mice.

Optical inhibition of D1- and D2-MSNs during open field test
Halorhodopsin [inhibitory opsin (AAV5.Ef1a.DIO.eNpHR3.0.YFP)] or eYFP [control vector (AAV5.hSyn1.eYFP)] was bilaterally ex-

pressed in D1-Cre and A2A-Cre mice using the strategies previously described. For the locomotor activity testing, all mice were

placed in an open field arena and following a 5-minute habituation phase, mice were given yellow laser stimulations on a random

interval schedule (590nM, 5 sec, 8 mw, continuous laser). The behavioral session was recorded via a camera above the open field

arena. Velocity (cm/second) and Distance traveled (cm) during the intervals between each laser stimulation were measured using the

EthoVision XT - Video tracking software (Noldus). Data are reported as average velocity per minute (cm/s/min) and average distance

traveled per minute (cm/min).
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Optogenetic excitation approach validation via fiber photometry
A group of D1-cre and A2A-cre mice were injected with Chrimson.FLEX: AAV5-Syn-FLEX-rc[ChrimsonR-tdTomato] (Chrimson;

Addgene) into the NAc core as described above. A Cre-recombinase-dependent virus carrying the fluorescent calcium indicator

GCaMP6f (AAV5.hSyn.Flex.GCaMP6f.WPRE.SV40) was also expressed in the NAc core of transgenic mice as described for the fiber

photometry experiments. Control mice (No Chrimson) received only the GCaMP6f injections. A 400 mmfiber optic was implanted into

the NAc core. Using the same stimulation parameters described above for optogenetic stimulation, a laser stimulation (590nm, 1 sec-

ond, 20Hz, 8mW) was delivered into the NAc core while recording fluorescent signals emitted from GCaMP6f in the same animal us-

ing fiber photometry. Chrimson and NoChrimson control mice received 6 laser stimulations during Session 1 and again 24 hours later

during Session 2. The size of the calcium response elicited by the Chrimson stimulations was recorded.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyseswere performed usingGraphPad Prism (version 9; GraphPad Software, Inc, La Jolla, CA) andMatlab (Mathworks,

Natick, MA). Z-scores were calculated as explained above (see fiber photometry analysis). We used nested ANOVAs as well as

paired, unpaired and independent t-tests where appropriate for analyzing peak height and AUC values for fiber photometry exper-

iments. Repeated measures ANOVAs were used for the behavioral data from reinforcement studies (positive and negative reinforce-

ment) as well as for the optogenetic studies with multiple trials (ICSS and cue inhibition). For the positive and negative reinforcement

tasks, the probability of responding during the discriminative cue was calculated by: number of nose pokes on the active port during

the predictive cue only / number of total nose pokes on the active side during both the cue and ITI. We then ran independent sample

tests to compare the probability to chance in each task. For the positive reinforcement, the chance level for making a response on the

active port during the cue presentation was 50% (30 second cue period versus 30 second averaged ITI period). For the negative

response, making a response on the active port during the predictive cue at chance level was 75.1% (230 second cue period versus

76 second averaged ITI period). We also used one-way ANOVAs for the optogenetic studies, which were followed by Dunnett or

Bonferroni post-hoc analyses to compare groups. For the single cell imaging experiments maximum z-scores were identified and

statistical difference from the critical z-scores at p=0.05 level (+1.96 or -1.96) was computed using independent-t-tests. We further

compared FC1 and FC4 cell responses (peak height or AUC) using paired t-tests. Alpha was 0.05 for all statistical analysis. All data

were depicted as group mean ± standard error of the mean (S.E.M.). We assumed normal distribution of sample means for all t and F

statistics.
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