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ABSTRACT 

Nucleus accumbens dopamine signaling is an important neural substrate for decision-making. Dominant theories 

generally discretize and homogenize decision-making, when it is in fact a continuous process, with evaluation 

and re-evaluation components that extend beyond simple outcome prediction into consideration of past and future 

value. Extensive work has examined mesolimbic dopamine in the context of reward prediction error, but major 

gaps persist in our understanding of how dopamine regulates volitional and self-guided decision-making. 

Moreover, there is little consideration of individual differences in value processing that may shape how dopamine 

regulates decision-making. Here, using an economic foraging task in mice, we found that dopamine dynamics in 

the nucleus accumbens core reflected decision confidence during evaluation of decisions, as well as both past and 

future value during re-evaluation and change-of-mind. Optogenetic manipulations of mesolimbic dopamine 

release selectively altered evaluation and re-evaluation of decisions in mice whose dopamine dynamics and 

behavior reflected future value.
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INTRODUCTION 1 

While making decisions, agents evaluate and re-evaluate paths traveled, comparing to alternate pasts or 2 

possible futures1,2. These processes are influenced by the confidence with which agents make decisions, as they 3 

deliberate the possible future consequences of their choices, or change their minds after considering unchosen 4 

options3–7. Dopamine in the nucleus accumbens (NAc) core is a key component of the information processing 5 

underlying decision-making, implicated in motivation and reward prediction error (RPE) derived from evaluating 6 

actual outcomes8–18. Dopamine is well-established as a key input to and driver of NAc core function19–22, but it 7 

remains unknown what information dopamine provides during change-of-mind decisions. Moreover, given that 8 

change-of-mind decisions depend on confidence in the original decision, it is also important to investigate how 9 

dopamine signals relate to the confidence with which decisions are made. 10 

We monitored and manipulated dopamine dynamics during internally-driven evaluation and re-evaluation 11 

processes, using an economic foraging task where mice are known to make both evaluation and re-evaluation 12 

(change-of-mind) decisions19,23–27. On this task, mice have a limited time budget to spend seeking food rewards 13 

of varying subjective value. The self-paced nature of the task allowed for mice to evaluate and re-evaluate 14 

decisions by exhibiting change-of-mind behaviors. We found that dopamine tracked decision confidence during 15 

evaluation, as well as values from the past and future when an animal changed its mind. However, the nature of 16 

these dopamine signals depended upon individual differences in the behavioral strategy used during task 17 

performance. In all mice, dopamine levels dipped just before a change-of-mind decision, but optogenetic 18 

inhibition of dopamine release selectively increased change-of-mind behaviors in mice sensitive to future value. 19 

Mice with this decision-making phenotype also showed increased decision confidence following optogenetic 20 

stimulation of dopamine release, and this effect carried over to decrease subsequent change-of-mind behaviors. 21 

Together, these findings expand our framework for dopamine in the context of reward prediction error, by 22 

elaborating specific conditions where strategy, confidence, and consideration of the future are linked to 23 

dopaminergic signaling during decision-making.  24 

 25 

RESULTS 26 
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Assessment of neuroeconomic decision-making with the Restaurant Row task 27 

We trained mice of both sexes28 in a sequential foraging task known as “Restaurant Row” that has 28 

previously been used to study neuroeconomic decision-making in both mice and rats19,23–27,29. In this task, mice 29 

have a daily budget of one hour to obtain food rewards of four distinct flavors. As mice ran counterclockwise 30 

around the maze, they encountered a different “offer zone” at each corner (Fig. 1a). Upon entering the offer zone, 31 

a tone was presented at a frequency that signaled the delay the animal would have to wait until a reward was 32 

delivered (Fig. 1b). The delays were random, ranging from 1-30 seconds, and scaled with frequency such that 33 

longer delays were signaled by higher-pitched tones. In the offer zone, mice could either skip the offer and 34 

continue to the next restaurant, or accept the offer and advance into the “wait zone”. Upon entering the wait zone, 35 

tones were presented once per second at decreasing frequencies, indicating the amount of time remaining in the 36 

countdown. Mice earned a reward if they waited out the entirety of the delay, but at any point during the 37 

countdown, they could quit the trial early by leaving the wait zone for the next restaurant. Quit and skip decisions 38 

were followed by quantitatively different behavioral responses to offers at the subsequent restaurant (Extended 39 

Data Fig. 1), suggesting they result from distinct decision-making processes. 40 

Mice were trained on this task over at least 70 days, and were initially presented with short offers that 41 

became progressively longer with training (Fig. 1c). When confronted with the full range of offers (1-30 seconds) 42 

from day 18 onward, mice developed economic strategies to increase earnings during the limited time available 43 

in each behavioral session (one hour). These strategies included increasing the number of laps run (Fig. 1d; 44 

F9.96,436.7 = 2.39, p = 0.009), decreasing the amount of time invested before quitting (Fig. 1e; F7.16,313.9 = 3.32, p = 45 

0.0018), and gradually switching from quitting to skipping behaviors (Fig. 1f; skip: F8.62,377.8 = 5.604, p < 0.0001; 46 

quit: F9.49,416.2 = 10.89, p < 0.0001). This ultimately resulted in a greater number of pellets earned across training 47 

from day 18 onward (Fig. 1g; F10.29,451.1 = 9.90, p < 0.0001). Individual mice also developed flavor preferences 48 

over time (Fig. 1h; main effect of flavor: F1.42,74.56 = 151.84, p < 0.0001), and the time spent before quitting scaled 49 

up according to flavor preference (Fig. 1i; F1.94,85.24 = 49.89, p < 0.0001). 50 

 51 

Individual differences in offer sensitivity define two decision-making phenotypes 52 
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As training progressed, we noted a substantial degree of heterogeneity in how individual mice responded 53 

to information presented in the offer zone. Some mice showed behavioral sensitivity to tone presentation in the 54 

offer zone, more frequently accepting offers with shorter delays and skipping offers with longer delays (Fig. 2a). 55 

Other mice accepted short- and long-delay offers with similar probability, exhibiting minimal behavioral 56 

sensitivity to offer presentation (Fig. 2b). To quantify offer sensitivity, we calculated the difference in probability 57 

of accepting “good” offers (1-3 seconds) and “bad” offers (27-30 seconds) for each individual mouse. The 58 

distribution of offer sensitivity included mice close to zero (relatively insensitive) and greater than zero (relatively 59 

sensitive). We fit this distribution using Gaussian mixture models with varying numbers of components, and 60 

found that the Akaike Information Criterion was minimized by a model with two components (Fig. 2c). We used 61 

this two-component Gaussian mixture model to separate “offer-sensitive” mice from “offer-insensitive” mice that 62 

exhibited little or no offer sensitivity. Both groups included a similar number of females and males, earned a 63 

similar number of pellets, and exhibited similar lingering time (defined as the time between earning a pellet and 64 

leaving the wait zone) as a function of flavor (Extended Data Fig. 2a-e). 65 

 In offer-sensitive mice, the degree of offer sensitivity varied as a function of flavor (Fig. 2d). The 66 

difference in probability of accepting good versus bad offers was most apparent for less-preferred flavors, and 67 

diminished for the most-preferred flavor (Fig. 2h; F2.42,43.64 = 17.66, p < 0.0001). In offer-insensitive mice, flavor 68 

preference also influenced the overall probability of accepting an offer (Fig. 2f), but there was no difference in 69 

the probability of accepting good versus bad offers at any flavor (Fig. 2j). These data suggest that offer-sensitive 70 

mice are weighing the future consequences of their decision to accept or skip an offer. This was further evidenced 71 

by offer-sensitive mice increasing their skipping behavior (Fig. 2l; F8.10, 144.9 = 4.06, p = 0.0002), as they learned 72 

to selectively accept offers that matched their willingness to wait (Fig. 2m), with a decrease in offer zone threshold 73 

across training. In contrast, offer-insensitive mice maintained constant levels of skipping throughout training (Fig. 74 

2n) and showed no change in offer zone threshold (Fig. 2o), indicating that they continued to accept offers greater 75 

than their willingness to wait and were thus less sensitive to the future consequences of their decisions. 76 

After accepting an offer and entering the wait zone, all mice were more likely to re-evaluate their decision 77 

and quit while waiting out long delays, regardless of their classification as offer-sensitive (Fig. 2e) or offer-78 
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insensitive (Fig. 2g). The difference in probability of quitting long versus short delays also varied as a function 79 

of flavor in offer-sensitive mice (Fig. 2i; F1.92,34.54 = 30.46, p < 0.0001), but not offer-insensitive mice (Fig. 2k). 80 

Time invested before quitting followed a gamma distribution in both groups (Extended Data Fig. 2f). Neither 81 

group appeared to quit randomly, neither group appeared to wait for a specific tone in the countdown to cue them 82 

to quit, nor did either group appear to wait a fixed number of seconds before quitting (Extended Data Fig. 2g-h). 83 

 84 

NAc core dopamine dynamics reflect decision-making differences 85 

To determine how these decision-making differences were related to mesolimbic dopamine dynamics, we 86 

used fiber photometry to monitor dopamine signals in the NAc core. We infused AAV9-CAG-dLight1.3b into 87 

the NAc core to express the dLight1.3b fluorescent biosensor30 (Fig. 3a), and implanted bilateral fiber optics 88 

within the NAc core (Fig. 3b-c and Extended Data Fig. 3). These experiments were conducted using DAT-Cre 89 

transgenic mice, so that a second virus could be infused into the VTA to express a Cre-dependent opsin in 90 

dopamine neurons and their mesolimbic axon terminals (Fig. 3d-e). In different cohorts of mice, this second virus 91 

was either AAVdj-hSyn-DIO-ChrimsonR-tdTomato (expressing a red-shifted excitatory opsin31) or AAV5-EF1a-92 

DIO-eNpHR3.0-mCherry (expressing an inhibitory halorhodopsin32). This experimental design allowed us to 93 

stimulate or inhibit mesolimbic axon terminals in the NAc core with red light, through the same optic fiber used 94 

to monitor dLight fluorescence with blue light33 (Fig. 3f). 95 

Early in training, offer-sensitive and offer-insensitive mice showed comparable dopamine responses after 96 

earning a pellet regardless of flavor, though this dopamine response varied as a function of offer only in offer-97 

sensitive mice (Extended Data Fig. 4a-d). After offer delays reached 1-30 seconds, we compared dopamine signals 98 

aligned to the onset of offers with a short delay (1-5 s), medium delay (6-15 s), or long delay (15-30 s). The 99 

dopamine response was inversely related to offer length in both offer-sensitive (Fig. 3g-h; F1.04,18.81 = 33.38, p < 100 

0.0001) and offer-insensitive mice (Fig. 3i-j; F1.08,25.90 = 8.47, p = 0.0063), indicating dopamine signals varied 101 

with delay to reward and implying a neurochemical representation of expected cost in both groups. However, the 102 

magnitude of this effect was greater in offer-sensitive mice, as indicated by a significant interaction between Offer 103 

Length and Offer Sensitivity (F2,84 = 11.88, p < 0.0001). The average dopamine signal showed a transient peak 104 
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once per second in both groups, corresponding to each individual tone presentation during the offer, and providing 105 

further evidence that offer-sensitive and offer-insensitive mice could all perceive the offer tone. Importantly, these 106 

data indicate that neural signals in offer-insensitive mice reflected offer-based valuation, even if their behavior 107 

did not. 108 

We then analyzed dopamine dynamics within the offer zone by separating decisions to accept or skip. 109 

Offer-sensitive mice showed bidirectional dopamine responses while evaluating decisions and their future 110 

consequences, with dopamine increasing prior to accepting and decreasing prior to skipping an offer (Fig. 3k-m). 111 

Offer-insensitive mice also showed a smaller increase in dopamine signal prior to accepting an offer, but no 112 

decrease in signal on skip trials (Fig. 3m-o). This pattern was reflected statistically as a significant interaction 113 

between wait zone Outcome (accept/skip) and Offer Sensitivity (F1,42 = 7.78, p = 0.0002). 114 

After accepting an offer and proceeding into the wait zone, both groups exhibited bidirectional dopamine 115 

dynamics based on outcome (earn versus quit). Dopamine tracked the countdown itself in offer-sensitive mice, 116 

with small increases in dopamine occurring each second as individual countdown tones were presented. After 117 

mice waited through the entire countdown and earned a pellet, we observed increases in dopamine at the time of 118 

pellet delivery, which were less robust in offer-sensitive mice (Fig. 3p) and more robust in offer-insensitive mice 119 

(Fig. 3s). Conversely, when mice changed their mind and quit the countdown early, there was a decrease in 120 

dopamine signal immediately preceding the quit in both offer-sensitive mice (Fig. 3q) and offer-insensitive mice 121 

(Fig. 3t). These patterns were reflected statistically as a significant interaction between wait zone Outcome 122 

(earn/quit) and Offer Sensitivity (Fig. 3r; F1,42 = 16.67, p = 0.0009). Overall, dopamine signals were more robust 123 

and dynamic in the offer zone for offer-sensitive mice and in the wait zone for offer-insensitive mice, highlighting 124 

a correspondence between decision-making phenotype and dopamine signals in the zone where each mouse made 125 

its decision. In fact, these dopamine signals correlated with the offer sensitivity of individual mice for accept, 126 

skip, and earn events (Extended Data Fig. 4e-h). 127 

 128 

Dopamine dynamics before and after change-of-mind quits during re-evaluation 129 
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The Restaurant Row task provides a unique opportunity to study quitting behavior, which occurs when 130 

mice accept an offer and enter the wait zone, but then re-evaluate their decision while waiting and volitionally 131 

depart before earning a pellet. Importantly, quitting is an opt-in process that requires a change-of-mind and is 132 

distinct from skipping (Extended Data Fig. 1), because quitting occurs after the animal has already accepted the 133 

offer and inaction during the countdown defaults to earning a pellet. Furthermore, there is no additional 134 

information provided to tell the mouse to quit or alter its expectations: the change-of-mind is internally generated 135 

and thus cannot be attributed to simple disappointment arising from a violation of expectations beyond the 136 

animal’s control. Furthermore, the dip in dopamine signal that occurs immediately before a quit was unique, in 137 

the sense that it was not observed when mice performed a physically identical act of leaving the wait zone after 138 

earning and consuming a pellet (Extended Data Fig. 5e-h). 139 

To further examine the information encoded by dopamine signals before and after quits, we quantified 140 

dopamine dynamics in relationship to the economic past and future. If quitting is a re-evaluation resulting in a 141 

change-of-mind decision, we hypothesized that recovery from this re-evaluation after quitting may produce a 142 

concomitant rebound in dopamine. To test this, we examined dopamine dynamics after quitting as a function of 143 

past time (i.e., the number of seconds invested in the countdown prior to quitting) and past value (i.e., the 144 

difference between the offer received and the animal’s willingness to wait; Fig. 4a). High-value trials are those 145 

where the animal has a high propensity to wait (i.e., more preferred flavors) and offer delay is short (i.e., low 146 

cost), whereas low willingness to wait and long offer delays constitute low-value trials. 147 

After quitting, rebounds in dopamine scaled inversely with past value in both offer-sensitive (Fig. 4b-c; 148 

F2,36 = 6.45, p = 0.004) and offer-insensitive mice (Fig. 4d-e; F2,48 = 3.32, p = 0.045). The magnitude of this effect 149 

was similar in both groups, as there was no statistical interaction between Past Value and Offer Sensitivity (F2,84 150 

= 1.54, p = 0.22). Low-value trials elicited the largest rebounds in dopamine, whereas high-value trials elicited 151 

the smallest rebounds in dopamine. This suggests that the rebound in dopamine signal after quitting reflects 152 

consideration of past value. This effect was not seen when animals skipped an offer (Extended Data Fig. 5a-d), 153 

or when separating quit trials by past time (Fig. 4f-i), implying the rebound in dopamine signal after quits 154 

selectively reflected the re-evaluated and rejected (past) value. 155 
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We next analyzed dopamine dynamics during change-of-mind quits in the context of future value. On 156 

Restaurant Row, the future can be characterized concretely as the time remaining in the countdown after quitting, 157 

or more abstractly as the future value remaining in the countdown after quitting. We can calculate future value 158 

by subtracting the time remaining in the countdown at the time of quit from the animal’s willingness to wait 159 

(threshold; Fig. 5a). Economically favorable quits occur when the time remaining in the countdown exceeds the 160 

animal’s threshold (value remaining < 0), because the animal is relinquishing a future that requires waiting longer 161 

than it is typically willing to wait. Thus, favorable quits exemplify consideration of the future value of an imagined 162 

prospective reward. Conversely, economically unfavorable quits occur when the time remaining in the countdown 163 

is less than the animal’s threshold for that reward (value remaining > 0), because the animal would normally have 164 

been willing to wait out the remaining time. Interestingly, we found that offer-sensitive mice had higher rates of 165 

favorable quits that increased across days during training (Fig. 5b), while offer-insensitive mice had higher rates 166 

of unfavorable quits which remained relatively constant throughout training (Fig. 5c). This supports the notion 167 

that the future consequences of decisions had a greater influence on the behavior of offer-sensitive mice. 168 

Dopamine dynamics at the time of quitting also differed between offer-sensitive and offer-insensitive 169 

mice. Offer-sensitive mice showed larger dips in dopamine for favorable versus unfavorable quits (Fig. 5d-e; F1,18 170 

= 18.70, p = 0.0004), while offer-insensitive mice showed similar dips in dopamine regardless of quit favorability 171 

(Fig. 5f-g). This pattern was reflected statistically as a significant interaction between Quit Favorability and Offer 172 

Sensitivity (F1,42 = 4.31, p = 0.044). Importantly, these quit-related dips in dopamine signal were not related to 173 

future time remaining in the countdown in either offer-sensitive or offer-insensitive mice (Fig. 5h-k). 174 

Furthermore, when we controlled for time remaining until earning a pellet, we found the dopamine signal was 175 

significantly higher during the countdown for high-value offers than low-value offers (Extended Data Fig. 6), 176 

providing further evidence that dopamine signals tracked value more closely than time. In total, these data show 177 

that the dip in dopamine signal before a change-of-mind quit was specific to future value in offer-sensitive mice, 178 

whereas the rebound in dopamine signal after a change-of-mind quit were specific to past value in both groups. 179 

These results provide further evidence that offer-sensitive mice considered the future in a distinct way that differed 180 

from offer-insensitive mice. 181 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 182 

Optogenetic inhibition of dopamine release caused change-of-mind quitting in a selective manner 183 

To further test the relationship between dips in dopamine signal and change-of-mind quitting, we used a 184 

subset of DAT-Cre transgenic mice that received bilateral injection of Cre-dependent halorhodopsin in the VTA 185 

(Fig. 3a). This experimental design allowed us to inhibit mesolimbic dopamine terminals in the NAc core with 186 

red light, through the same optic fiber used to monitor dLight fluorescence with blue light (Fig. 6a). We first 187 

validated the efficacy of this optogenetic manipulation on dopamine dynamics by measuring dLight signal after 188 

delivery of a food pellet, which normally produces a robust increase in dopamine signal (Fig. 6b). To activate 189 

halorhodopsin, we delivered light (589 nm, 6-8 mW) for two seconds following pellet delivery (Fig. 6c), which 190 

had the expected impact of robustly reducing the dLight signal compared to trials with no light delivery (Fig. 6d; 191 

F1,15 = 8.24, p = 0.012). 192 

This same cohort of mice was trained on the Restaurant Row task, in order to examine how optogenetic 193 

inhibition of dopamine release affected behavior. We delivered light on half of all offers >15 sec (Fig. 6e), while 194 

the other half of these trials served as an internal control condition with no optogenetic inhibition. Light was 195 

initially delivered for only the two more preferred flavors, where probability of quitting is normally low. After 196 

mice accepted an offer for a preferred flavor, entry into the wait zone triggered bilateral light delivery for a 197 

duration of four continuous seconds, unless they quit and left the wait zone (which ended light delivery). 198 

Importantly, the average duration of light delivery was similar in offer-sensitive and offer-insensitive mice 199 

(Extended Data Fig. 7a). 200 

Compared to control trials of the same type during the same session but with no light delivery (Fig. 6f), 201 

optogenetic inhibition of dopamine release caused a higher probability of quitting in offer-sensitive mice (F1,7 = 202 

5.76, p = 0.048), but not offer-insensitive mice (F1,6 < 1). This pattern was reflected by a trend toward a statistical 203 

interaction between Light Delivery and Offer Sensitivity (F1,13 = 3.17, p = 0.098), which is also evident in a 204 

comparison of the difference scores (light - control) between groups34 (Fig. 6g). We did not observe an effect in 205 

offer-sensitive mice when light was delivered for all flavors (Extended Data Fig. 7b-c), ruling out the possibility 206 

that optogenetic inhibition of mesolimbic dopamine release caused generic changes in movement. The specific 207 
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effect of optogenetic inhibition in offer-sensitive mice suggests that individual differences in consideration of the 208 

future may influence the way dips in dopamine signal underlie change-of-mind decisions. 209 

 210 

Dopamine dynamics in offer-sensitive mice relate to decision confidence during evaluation 211 

On the Restaurant Row task, consideration of the future also occurs during evaluation of decisions in the 212 

offer zone, where mice exhibit reorientation behaviors referred to as vicarious trial and error (VTE). VTE is a 213 

well-established behavior in rodents and correlates with future planning and deliberation35. During VTE in 214 

rodents, neural representations of possible future outcomes sweep serially along different potential paths and 215 

alternate between goals, suggesting that animals are considering potential options36–39. VTE is best captured by 216 

calculating the integrated angular velocity (IdPhi) within the offer zone, which relates to the curvature of the path 217 

the animal takes to either accept or skip an offer. We defined VTE events as those represented by high IdPhi 218 

values (zIdPhi > 0), which exemplify more variable paths with greater tortuosity (Fig. 7a), and correlate with 219 

higher degrees of deliberation. As expected19, mice exhibit more VTE prior to a skip decision at more preferred 220 

flavors, as offers that are harder to turn down may elicit more deliberation (Extended Data Fig. 8f-g). 221 

As training progressed, offer-sensitive mice began to demonstrate more VTE during evaluation than offer-222 

insensitive mice (Fig. 7b). This was indicated by a rightward shift in the distribution of IdPhi (Fig. 7c), a change 223 

in the distribution of VTE and non-VTE trials (Fig. 7d), and a rightward shift in the distribution of max curvature 224 

(Fig. 7e). Together, these results suggest that offer-sensitive mice engaged in more deliberation during evaluation, 225 

as they considered future consequences of their decisions. As expected, path curvature was greater on VTE trials 226 

than non-VTE trials in both groups (Fig. 7f; main effect of VTE: F1,41 = 311.6, p < 0.0001). All mice were more 227 

likely to make favorable quits after accepting offers on VTE trials than on non-VTE trials (Fig. 7g; main effect 228 

of VTE: F1,41 = 21.86, p < 0.0001). This suggests that decisions were made with a lower degree of confidence on 229 

VTE trials, allowing for quicker re-evaluation and change-of-mind correction, while value remaining was still 230 

low. 231 

We next determined the extent to which VTE influenced dopamine dynamics during evaluation in the 232 

offer zone. After alignment to the time of peak path curvature to capture deliberative events (Fig. 7a, red squares), 233 
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we examined dopamine dynamics as mice made decisions to accept or skip offers, separating trials based on the 234 

presence or absence of VTE (Fig. 7h-k). Interestingly, when offer-sensitive mice exhibited VTE before accepting 235 

an offer, we observed a smaller peak signal compared to accepted offers without VTE (Fig. 7l). Thus, as offer-236 

sensitive mice evaluate the future consequences of their decisions, dopamine levels positively correlated with 237 

decision confidence. In contrast, offer-insensitive mice showed comparable dopamine levels on trials with or 238 

without VTE (Fig. 7n). This pattern was reflected statistically as a significant interaction between VTE and Offer 239 

Sensitivity (F1,41 = 6.69, p = 0.0013). In both offer-sensitive and offer-insensitive mice, dopamine dynamics were 240 

similar following decisions to skip on trials with or without VTE (Fig. 7, m and o). While these analyses were 241 

conducted on data collected after extended training (Fig. 7b, shaded area), similar patterns in dopamine dynamics 242 

were also apparent earlier in training (Extended Data Fig. 8a-e). 243 

 244 

Optogenetic enhancement of dopamine release influenced evaluation and re-evaluation of decisions in a 245 

selective manner 246 

Since our previous analyses revealed a correlation between dopamine dynamics and decision confidence 247 

in offer-sensitive mice, we next used optogenetic stimulation to manipulate dopamine dynamics and measure 248 

decision confidence. We used a subset of DAT-Cre transgenic mice that received bilateral injection of Cre-249 

dependent ChrimsonR in the VTA (Fig. 3a). This experimental design allowed us to stimulate mesolimbic 250 

dopamine terminals in the NAc core with red light (589 nm, 20 Hz), through the same optic fiber used to monitor 251 

dLight fluorescence with blue light (Fig. 8a). Since ChrimsonR expression varied between animals, we leveraged 252 

expression of dLight in the NAc core to construct stimulation-response curves for each individual animal. We 253 

then tailored optogenetic stimulation parameters for each animal to standardize the evoked signal across mice and 254 

to produce responses in a range ~3-10% dF/F, similar to endogenous signals40–42 for offer presentations and pellet 255 

consumption (Fig. 8b-c). The average number of pulses selected for each individual animal did not differ between 256 

offer-sensitive and offer insensitive-mice (Extended Data Fig. 9c-d). 257 

We delivered optogenetic stimulation of dopamine terminals in the offer zone on half of all offers >15 sec 258 

(Fig. 8d). Stimulation was initially delivered for only the two less preferred flavors, where probability of offer 259 
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acceptance is normally low. Compared to control trials of the same type during the same session with no light 260 

delivery (Fig. 8e), this manipulation reduced deliberative behaviors (zIdPhi) in offer-sensitive mice (F1,5 = 39.19, 261 

p = 0.0015), but not offer-insensitive mice. This pattern was reflected statistically as a significant interaction 262 

between Light Delivery and Offer Sensitivity (F1,12 = 12.47, p = 0.0041), which is also evident in a comparison 263 

of the difference scores (light - control) between groups34 (Fig. 8f). On separate days of testing, we repeated this 264 

experiment but delivered stimulation on half of all offers >15 sec for either the two more preferred flavors or all 265 

flavors. These manipulations did not have significant effects on offer-sensitive mice (Extended Data Fig. 10a-d), 266 

ruling out the possibility that optogenetic stimulation of mesolimbic dopamine release caused generic changes in 267 

movement. Pulsed light delivery had no effect on zIdPhi in offer-sensitive control mice lacking opsin expression 268 

(Extended Data Fig. 10i-j), or when delivered in a mismatched fashion to mice expressing halorhodopsin 269 

(Extended Data Fig. 7d-i), arguing against the possibility that light delivery was generally distracting.  The lack 270 

of effect in offer-insensitive mice under identical stimulation conditions suggests that stimulation of dopamine 271 

release alters decision-making in a selective manner, possibly by changing the deliberative process by which 272 

offer-sensitive mice evaluate the future consequences of accepting an offer.  273 

We also analyzed behavioral responses after mice accepted an offer accompanied by optogenetic 274 

stimulation and entered the wait zone (Fig. 8g). Even though light delivery ended when mice entered the wait 275 

zone, offer-sensitive mice still showed a decrease in the probability of quitting after prior stimulation at the two 276 

less preferred flavors (Fig. 8h; F1,5 = 12.13, p = 0.0176), while there was no effect for offer-insensitive mice. This 277 

pattern was reflected statistically as a significant interaction between Light Delivery and Offer Sensitivity (F1,12 278 

= 12.47, p = 0.0041), which is also evident in a comparison of the difference scores (light - control) between 279 

groups34 (Fig. 8i). No changes in the probability of quitting were observed in control mice lacking opsin 280 

expression (Extended Data Fig. 10k-l), with mismatched light delivery to mice expressing halorhodopsin 281 

(Extended Data Fig. 7j), or with stimulation at either the two more preferred flavors or all flavors (Extended Data 282 

Fig. 10e-h). The persistent effect of offer zone stimulation during re-evaluation in the wait zone, even after light 283 

delivery had ended, suggests that enhanced release of dopamine altered both current and future decision-making 284 

for offer-sensitive mice. Importantly, the absence of these effects in offer-insensitive mice suggest that individual 285 
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differences in decision-making phenotype can dictate the manner in which dopamine dynamics regulate 286 

behavioral outcome. 287 

 288 

DISCUSSION 289 

Even when different behavioral strategies lead to the same outcome, the process underlying those 290 

decisions may diverge. We found that the process by which mice arrived at decisions was critical in shaping 291 

dopamine dynamics: individual differences in decision strategy and dopamine dynamics influenced the extent to 292 

which mice expressed confidence in their options and engaged change-of-mind processes to re-evaluate decisions. 293 

We identified two behavioral strategies with distinct relationships between dopamine and decision-making. Offer-294 

sensitive mice engaged in more deliberative, future thinking strategies: skipping more economically unfavorable 295 

offers during evaluation (in the offer zone) and committing more economically favorable quits during re-296 

evaluation (in the wait zone).  297 

During re-evaluation, we observed dips in dopamine just before animals exhibited change-of-mind 298 

behaviors, suggesting that the change-of-mind behaviors were in response to a negative re-evaluation of the 299 

situation. Supporting this hypothesis, we found that optogenetic inhibition of dopamine signals increased those 300 

change-of-mind behaviors. Further, we discovered that dopamine dips were specific to quitting in economically 301 

favorable conditions in offer-sensitive mice, and that dopamine inhibition also specifically increased the 302 

probability of quitting the countdown in offer-sensitive mice. This suggests that dopamine dips may causally 303 

reflect a cognitive re-evaluation process that underlies change-of-mind specifically in animals who are more 304 

future-thinking. 305 

In line with this hypothesis, dopamine dynamics also reflected decision confidence during evaluation only 306 

in offer-sensitive mice. Our findings suggest that NAc core dopamine differentially reflects not only the decision 307 

made (accept vs skip), but also the confidence with which those decisions are made in more future-thinking offer-308 

sensitive animals. That is, these data suggest that decision confidence regulates dopamine when these animals are 309 

evaluating decisions. After physiologically calibrating our optogenetic stimulation parameters uniquely for each 310 
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animal, we also established a causal contribution of dopamine to decision confidence in offer-sensitive mice with 311 

more deliberative, future-thinking phenotypes.  312 

In our stimulation study, we sought to augment dopamine dynamics in the offer zone in order to probe the 313 

extent to which this would alter evaluation of the offer. In doing so, we expected to see possible changes in the 314 

rate of accept and skip behaviors. To our surprise, stimulation did not influence the probability of accepting or 315 

skipping an offer, rather it altered the degree of confidence with which future-thinking animals made their 316 

decisions, and in the direction we would expect given our dLight recordings. This interpretation was further 317 

reinforced when animals reduced their rate of change-of-mind quitting in the wait zone following stimulation in 318 

the offer zone. Optogenetic stimulation yielded the greatest effects when stimulating at less preferred flavors, 319 

likely because behavior at less preferred flavors was more labile and amenable to alteration. These findings 320 

suggest that dopamine augmentation increased confidence in real-time during evaluation and these effects carried 321 

over into re-evaluation, where stimulated animals remained more committed to their decision. 322 

Dopamine dynamics have been widely investigated in the context of decision-making43,44, with some 323 

evidence of individual differences related to stimulus-reward learning14. However, in these studies, decision-324 

making is represented as a discrete event occurring at the moment at which an agent makes a choice. In contrast, 325 

most decision-making in the wild is a continuous and iterative process, encompassing evaluation before and re-326 

evaluation after the choice. The evaluation of options often involves deliberation to accumulate confidence and 327 

arrive at decisions, while re-evaluation of decisions often involves counterfactual reasoning to imagine alternate 328 

outcomes.  329 

Temporal difference reinforcement learning (TDRL) reward-prediction error (RPE) has been the 330 

prevailing theory regarding dopamine as a regulator of learning and decision-making45–48. While other theoretical 331 

proposals have been made that profoundly challenge the explanatory power of TDRL41,49,50, the behavioral 332 

procedures used to test these theories have been limited in their ability to capture important decision-making 333 

factors like confidence or counterfactual valuation. Our data suggest that dopamine causally regulates decision-334 

making factors like confidence, counterfactual evaluation, and change-of-mind re-evaluation. Our work does not 335 

seek to overturn or contradict the classic TDRL model. Rather, we intend to make the case that the TDRL model 336 
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should be expanded to include counterfactual prediction terms that capture change-of-mind processes during 337 

learning and decision-making. Just as an agent's belief state can influence reward prediction computations51,52, so 338 

too, we argue, can an agent's counterfactual reasoning. Thus, in addition to accounting for actual and expected 339 

outcomes, the model may benefit from integrating counterfactual predictions about what could have been. The 340 

formative TDRL algorithms calculate value dependent on the actual state of the world. This is learned by 341 

computing the difference between actual and predicted changes in value across each state. While this takes into 342 

account the agent’s expectations and actual values, there is no term in the standard model that considers alternative 343 

(counterfactual) values, as suggested by “economics of regret” models20,53,54. In cases where there are limited 344 

resources, competing options, or conflicting motivations, the value of each state may depend on both actual and 345 

counterfactual representations. Therefore, representing this in more modern conceptions of TDRL may account 346 

for discrepancies that original TDRL learning cannot explain. 347 

Questions of change-of-mind and re-evaluation are usually discussed in terms of cognitive processes of 348 

regret54. Regret is distinct from disappointment — regret arises from mistakes of one’s own agency, while 349 

disappointment reflects unexpected losses21,22,55. RPE gives access to the latter through negative prediction errors, 350 

but dopamine’s contributions to the former remain unstudied. Our data suggest that dopamine plays a causal role 351 

in these questions of regret, and suggest future studies directed specifically at questions of regret may be 352 

particularly informative. More recent evidence highlighting the role of dopamine in signaling causal 353 

associations50, policies41, or perceived saliency49 provide compelling evidence to challenge RPE, but do not assess 354 

these complex decision-making strategies that take into account counterfactual outcomes such as regret and re-355 

evaluation. Our findings suggest that dopamine regulates confidence in future choices and alters the re-evaluation 356 

of decisions that culminate in a change-of-mind. Furthermore, we found that the dopamine signals both reflected 357 

this information and causally modulated behavior in a manner related to the strategies individual animals used to 358 

achieve their goals.  359 

We found that the effects of dopamine manipulation depended on the degree to which the animal 360 

considered the future. Overall, our work supports the theory that dopamine is not a monolith: the extent to which 361 

dopamine reflects cognitive processes like deliberation and re-evaluation depend on the strategies and means by 362 
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which the agent makes decisions as well as the phase of the decision-making process (i.e., evaluation versus re-363 

evaluation). Our findings regarding dopamine dips during quits also add to a literature that has largely focused on 364 

increases in dopamine levels, due to limitations in quantifying decreases in dopamine with classic methods like 365 

fast-scan cyclic voltammetry. When decreases have been reported, they have been associated with external 366 

noxious stimuli56–58 or externally-driven disappointment13,59–61, but never to internally-driven cognitive events 367 

such as re-evaluation and change-of-mind. Our data indicate that dips and rebounds in dopamine can encode 368 

unique and distinct aspects of counterfactuals and enable self-directed re-evaluation. Further, we found that 369 

dopamine manipulations interacted with confidence, which took into account both actual and counterfactual 370 

outcomes. By unveiling distinct decision-making strategies, we find that mesolimbic dopamine conveys 371 

information about past and future value and scales with decision confidence, specifically for behavioral strategies 372 

that depend on computations related to future outcomes. These individual differences in the fundamental 373 

operation of mesolimbic dopamine could present unique individual vulnerabilities to dopamine dysfunction and 374 

associated neuropsychiatric conditions14,62–66. 375 

  376 
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METHODS 521 

Animals 522 

All procedures were approved by the Institutional Animal Care and Use Committee at the University of 523 

Minnesota. Experiments were performed using comparable numbers of both female and male mice28. DAT-IRES-524 

Cre transgenic mice67 were originally obtained from The Jackson Laboratory (JAX Stock #006660), and 525 

maintained on a C57BL/6J genetic background by breeding in-house. Following stereotaxic surgery at 8-12 weeks 526 

of age, mice were singly housed on a 14:10 light:dark cycle. 527 

 528 

Behavior 529 

Pellet Training. Mice were introduced to flavored pellets 1 week prior to the start of their training. During 530 

this pre-training period, mice were transferred from regular rodent chow to a diet consisting of Bio-Serv full 531 

nutrition dustless precision pellets consisting of equal parts of chocolate, banana, grape, and plain flavored pellets 532 

(Bio-Serv product #F05301, #F0071, #F0079, #F07122). A free-feeding baseline weight was recorded as the 533 

average weight on three consecutive days of ad libitum pellet feed. Afterwards, daily feed was reduced by 0.5 g 534 

per day across four days. The day prior to beginning training, mice were introduced to the maze and given 15 535 

minutes to explore the feeding sites. Each of the four feeders was filled with a specific flavor of pellets and 536 

surrounded by spatial cues to allow mice to become familiar with each restaurant. 537 

Restaurant Row. Mice were run at the same time daily across consecutive days to maintain stable weights 538 

and motivational states. Training consisted of hour-long sessions of foraging on the maze in 4 stages. Stage 1 539 

occurred on days 1-7 during which all offers were 1 second (associated tones = 4000 Hz, 500 msec). Stage 2 540 

occurred on days 8-12 during which offers ranged from 1-5 seconds (associated tones ranged from 4000 – 5548 541 

Hz, 500 msec). Stage 3 occurred on days 13-17 during which offers ranged from 1-15 seconds (associated tones 542 

ranged from 4000 – 9418 Hz, 500 msec). Stage 4 occurred on days 18+ during which offers ranged from 1-30 543 

seconds (associated tones ranged from 4000 – 15223 Hz, 500 msec). Offers were pseudorandomly selected such 544 

that all offer lengths were sampled and then reshuffled independently for each flavor. Each offer tone was 545 

presented when mice entered into the offer zone in a counter-clockwise direction, and repeated each second until 546 
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mice either accepted or skipped the offer. After accepting the offers, the countdowns in the wait zone decreased 547 

in pitch in 387 Hz steps once per second until the countdown ended at 4000 Hz, at which point a uniquely-flavored 548 

pellet was dispensed using a Med Associates dispenser. Any pellets that were not consumed were flushed using 549 

mini-servos to prevent mice from returning to uneaten rewards at leisure. Four Audiotek speakers were placed by 550 

each restaurant to provide local sound. Behavioral tracking and programming were conducted using a Logitech 551 

HD Webcam positioned above the maze and AnyMaze software. Pre and post weights were taken for each animal 552 

and small portions of post-training feed were given to maintain body weights at ~80-85% of free feeding baseline. 553 

Photometry recordings and optogenetic manipulations were performed on the same maze as all training. 554 

 555 

Fiber Photometry 556 

Surgery. Under ketamine:xylazine anesthesia (cocktail 100:10 mg/kg), holes were drilled above the NAc 557 

core (AP +1.35, ML +/- 2.13; DV -4.3, at a 10º angle from center) and VTA (AP -2.9, ML +/- 0.4; DV -4.55). 558 

Using a 33-gauge Hamilton syringe, 0.5 µL of AAV9-CAG-dLight1.3b (Addgene plasmid #125560; a gift from 559 

Lin Tian) and AAVdj-hSyn-FLEX-ChrimsonR (Addgene plasmid #62723; a gift from Edward Boyden) were 560 

injected at a rate of 0.1 µL/min bilaterally into the NAc core and VTA, respectively. After allowing 10 minutes 561 

for viral diffusion, the syringe was retracted slowly at a rate of 1 mm/min. Fiber-optic cannula (400 µm, Doric 562 

Lenses: MFC_400/430-0.48_6mm_MF1.25_FLT) were implanted 0.05 mm dorsal to the injection site at a 10º 563 

angle targeting the NAc core, and secured to the skull using jeweler’s screws and cured dental resin (Geristore). 564 

Virus was incubated for at least four weeks to allow for sufficient expression of dLight and opsin transport to 565 

mesolimbic dopamine terminals. 566 

Data Collection: Dopamine dynamics were measured using a Tucker Davis Technologies RZ5P fiber 567 

photometry processer. Blue (470 nm) and violet (405 nm) LEDs (ThorLabs) were modulated at distinct carrier 568 

frequencies (531 Hz and 211 Hz, respectively) for dLight excitation and isosbestic control. LED output power 569 

was maintained between 50-75 μW. Signals were filtered through a fluorescence mini cube (Doric Lenses) and 570 

measured with a femtowatt photodetector (Newport), sampled at 6.1 kHz. The distal end of the cable was coupled 571 

to a fiber optic patch cord (400 µm, 0.48 NA, Doric Lenses) which connected to fiberoptic ferrules implanted in 572 
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animals. Recordings hemispheres were counterbalanced across animals. Behavioral sessions were aligned to fiber 573 

photometry recordings using TTL signals sent from Anymaze to the RZ5P. 574 

Processing: All recorded signals were analyzed offline. Changes in dLight fluorescence were measured 575 

by fitting the 405 nm isosbestic signal to the 470 nm signal and calculating dF/F ([470 nm signal- fitted 405 nm 576 

signal]/ [fitted 405 nm signal]). The output of this processing step effectively corrects for photobleaching as well 577 

as movement artifact, and was analyzed without any further rolling averages or smoothing. For behavioral event 578 

related analyses, signals were aligned to relevant behavioral timepoints and averaged within subjects across trials, 579 

then between subjects across days. 580 

  581 

Optogenetic validations 582 

We used a five-port minicube (Doric Lenses) to filter excitation and emission channels for combined fiber 583 

photometry and optogenetic manipulations. For stimulation using ChrimsonR, a Master-8 (AMPI) was used to 584 

drive a 589 nm laser (Opto Engine LLC) to generate 0, 5, 10, 15, and 20 pulses (5 ms) at 20 Hz to stimulate VTA 585 

terminals in NAc expressing ChrimsonR, while simultaneously recording dLight1.3b responses through the RZ5P 586 

as described above. Five technical replicates were conducted for each parameter and an interval of 30 seconds 587 

was maintained between each stimulation. Laser power was set at 3-4 mW output to produce dopamine responses 588 

with amplitudes similar to the largest endogenous response observed after earning reward. Unique stimulation 589 

parameters were selected for each individual animal to ensure that dopamine responses were standardized across 590 

mice, and resembled physiologic levels of dopamine seen during task performance. 591 

  To confirm that halorhodopsin effectively reduced dopamine release in the NAc (Fig. 6b-d), we delivered 592 

light (589 nm, 2 seconds continuous, 6-8 mW) coincident with food pellet delivery, when a robust increase in 593 

dopamine signal is normally observed during reward receipt. We again used a five-port minicube (Doric Lenses) 594 

to filter excitation and emission channels for combined fiber photometry and optogenetic inhibition. Using closed-595 

loop behavioral tracking through Anymaze, we delivered light on half of trials when animals earned a pellet across 596 

two training days. 597 

  598 
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Optogenetic manipulations during behavior 599 

After completing training, mice underwent a series of optogenetic stimulation testing days. An Anymaze 600 

Optogenetic Interface was coupled to a 589 nm laser (Opto Engine LLC) to interface between the behavioral 601 

software and light source. Closed-loop behavioral tracking through Anymaze allowed for laser activation at 602 

precise behavioral timepoints. 603 

For ChrimsonR experiments, light (individually-tailored number of pulses, 20 Hz, 5 ms) was delivered 604 

immediately upon crossing into the offer zone and terminated if the animal accepted or skipped the trial. Mice 605 

received stimulation within the offer zone on 50% of offers above 15 seconds, selected randomly across 1) all 606 

flavors, 2) less preferred flavors, and 3) more preferred flavors on different days. The order of these testing 607 

conditions was counterbalanced between animals. Stimulation days were interleaved with non-stimulation 608 

behavioral days. To control for the possibility that light alone was driving our observed effects, we mirrored light 609 

delivery conditions in two control experiments. First, we tested mice lacking Cre recombinase using the average 610 

stimulation settings for mice expressing Cre recombinase (11 pulses of light, 589 nm, 20 Hz, 3-4 mW), and 611 

delivered light in the offer zone on half of all trials at less preferred flavors. Second, we evaluated the effects of 612 

delivering this pulsed light pattern in a mismatched fashion to mice expressing halorhodopsin rather than 613 

ChrimsonR. We measured dLight1.3b signals during this mismatched pattern of stimulation, to confirm that 614 

pulsed light was not sufficient to engage the inhibitory effects of halorhodopsin (Extended Data Fig. 7e-g). We 615 

then delivered this mismatched stimulation during behavior, mirroring the conditions described above for mice 616 

expressing ChrimsonR, with light delivery in the offer zone on half of trials at less preferred flavors.  617 

For halorhodopsin experiments, wait zone entry triggered continuous light delivery for up to 4 seconds 618 

during the countdown, to match the time course of the dopamine dips observed during quitting. If animals quit 619 

during the 4 seconds of light delivery, the laser would turn off. Mice received inhibition in the wait zone on 50% 620 

of offers above 15 seconds selected randomly across 1) all flavors, 2) less preferred flavors, and 3) more preferred 621 

flavors on different days. The order of these testing conditions was counterbalanced between animals. Inhibition 622 

days were interleaved with non-stimulation behavioral days. In condition (2), mice accepted offers at less 623 
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preferred flavors with a low probability, so the number of trials with light delivery were too few for reliable 624 

analysis. We therefore report results only for light delivery at all flavors or more preferred flavors. 625 

 626 

Analysis 627 

Figure 1: Laps and number of pellets earned were calculated for each day. Laps were defined as a full 628 

counterclockwise rotation around the maze with an offer at each restaurant. Number of pellets were separated by 629 

flavor rank each day. Time spent before quitting was calculated for each trial that resulted in a quit and averaged 630 

by rank. Proportion of trials resulting in a quit versus skip were calculated for each day. For change of mind 631 

analyses, we sought to behaviorally distinguish quitting from skipping. We conducted an analysis probing 632 

behavioral outcomes on the subsequent trial (next restaurant: “R+1”), based on whether the animal exhibited an 633 

immediate skip or a change-of-mind quit on the previous trial (“R”). Probability of accepting, reaction time, IdPhi, 634 

and lingering time were calculated at R+1 after skipping or quitting at R (Extended Data Fig. 1).  635 

Figure 2: Offer sensitivity was quantified as the difference in probability of accepting a good offer (0-3 636 

seconds) and probability of accepting a bad offer (27-30 seconds). After calculating this measure of offer 637 

sensitivity for each individual animal, we fit Gaussian mixture models with varying numbers of components to 638 

the distribution of offer sensitivity. The Akaike information criterion (AIC) was minimized by a model with two 639 

components providing quantitative evidence for a distinction between two decision-making phenotypes. We used 640 

this two-component Gaussian mixture model to separate “offer-sensitive” mice from “offer-insensitive” mice that 641 

exhibited little or no offer sensitivity. 642 

Probability of accepting, skipping, quitting, and earning were calculated as a proportion of all offers 643 

(trials), separated by flavor preference rank. Differences in skipping offers among behavioral phenotypes was 644 

quantified as the probability of skipping a 1s offer subtracted from the probability of skipping for a 30s and 645 

separated by rank. Thresholds were calculated each day, for each animal and each flavor. For offer zone 646 

thresholds, we fit a sigmoid to the binary offer zone outcome (accept or skip) as a function of offer and calculated 647 

the point of inflection (i.e., the offer at which a particular animal would shift from accepting offers to skipping 648 

offers for a specific flavor). Using a similar approach, we calculated wait zone thresholds, fit to the wait zone 649 
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outcomes (earn or quit), and calculated the offer at which a particular animal would shift from earning to quitting 650 

for a specific flavor.  651 

Figure 3: Dopamine responses to offer were binned for short (1-5s), medium (6-15s), and long (16-30s) 652 

offers, and aligned to offer onset during mid-training (Days 30-37). Using a masking function, the data were 653 

restricted from the transition from the previous restaurant to the current trial’s offer zone to constrain our analysis 654 

to offer-related dopamine transients. Responses post offer were then averaged (0 to 3s) and normalized to a pre-655 

offer period (-2 to -1s). Dopamine was then aligned to offer zone outcomes (accept and skip) and wait zone 656 

outcomes (earn and quit). Mean dopamine signals were calculated for accepts, skips, and quits by averaging dF/F 657 

during the pre-event period (-1 to 0s) or post-event period (0 to 2s) for earns, and normalizing to a preceding 658 

baseline (-2 to -1s).  659 

Figure 4: Analysis of past value was conducted by calculating the value of the offer received earlier in the 660 

offer zone at the time of quit (Past Value = Threshold - Offer). Thresholds were calculated for each animal each 661 

day using the methods described above. Peri-event (quit and skip) dopamine signals were grouped in three bins: 662 

low past value (</= -14), medium past value (</= 0), and high past value (> 0). Past time spent was analyzed by 663 

calculating the time the animal invested before quitting and was grouped in three bins: low time spent (</= 4s), 664 

medium time spent (4s to </=6s), and high time spent (>6s). Mean changes in dopamine to value remaining and 665 

time remaining were calculated by averaging the dopamine signal during the dips (0.5 to 1.5s) and normalizing 666 

to a pre-dip baseline (-3 to -2s).  667 

Figure 5: Analysis of future value was conducted by calculating value remaining at the time of quit: Value 668 

Remaining (future value) = Threshold – Time Remaining in Countdown. Thresholds were calculated for each 669 

animal each day using the methods described above. Time remaining at countdown was defined as the number of 670 

seconds remaining in the countdown the animal would have had to wait to have earned reward and was calculated 671 

as Offer – Time to Quit. Peri-event dopamine signals were grouped in two bins: favorable future values (Value 672 

Remaining <0) and unfavorable future values (Value Remaining >0) and aligned to quits. Trials were randomly 673 

subsampled to match favorable and unfavorable quit types within group and offer-sensitive and offer-insensitive 674 

quits between groups. Future time remaining was analyzed by splitting data into low (</=15s) and high (>15s) 675 
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time remaining. Mean changes in dopamine to value remaining and time remaining were calculated by averaging 676 

the dopamine signal during the dips (-1.5 to 0s) and normalizing to a pre-dip baseline (-3 to -2s).  677 

Figure 6: Probability of quitting was calculated for each pass in the wait zone and average probability of 678 

quitting on offers above 15 seconds were compared on trials with and without light delivery. Difference scores 679 

were calculated between these trial types. 680 

Figure 7: Absolute integrated angular velocity was calculated for each pass in the offer zone and used to 681 

signify IdPhi for each trial. Trials were split based on the z-score of their IdPhi values: zIdPhi > 0 were classified 682 

as VTE and zIdPhi < 0 were classified as non-VTE. IdPhi relates to path curvature, so we utilized a path analysis 683 

previously reported in studies characterizing tortuosity of blood vessels in the retina68. Dopamine signals were 684 

aligned to the point of maximum curvature and separated based on trial outcome (accept or skip). Mean dopamine 685 

was calculated as the average dF/F post-max curvature (0.5 to 1.5s) and normalized to a preceding baseline (-4 to 686 

-1s).  687 

Figure 8: zIdPhi was calculated for each pass in the offer zone and average zIdPhi on offer above 15 688 

seconds were compared on stimulated and matched non-stimulated trials. Difference scores were calculated 689 

between stimulated and non-stimulated cases. Probability of quitting was calculated for each trial and probabilities 690 

were compared on trials with and without light delivery in the offer zone. Difference scores were calculated 691 

between these trial types. 692 

 693 

Immunohistochemistry 694 

After behavioral testing, mice were deeply anesthetized using Beuthanasia (200 mg/kg, intraperitoneal) 695 

and transcardially perfused with ice-cold PBS and 4% paraformaldehyde in PBS for 15 minutes. Brains were 696 

extracted and post-fixed overnight in 4% paraformaldehyde in PBS at 4o C. Coronal sections were collected at 50 697 

µm thickness using a vibrating microtome (Leica Microsystems) for staining with immunohistochemistry. 698 

Nonspecific binding was blocked with 2% normal horse serum + 0.05% Tween-10 + 0.2% Triton-X100 in PBS 699 

overnight at 4o C. After washing, slices were then incubated in mouse anti-GFP (Invitrogen, A-11120, diluted 700 

1:500) rabbit anti-RFP (Rockland, 600-401-379, diluted 1:1000) primary antibodies diluted in the same blocking 701 
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solution for 24 hours at 4o C. After four rinses in PBS containing 0.1% Tween-20, sections were transferred to 702 

secondary antibody goat anti-mouse IgG Alexa 488 (Abcam, ab150115, diluted 1:1000) and donkey and rabbit 703 

Alexa 647 (Abcam, ab150075, diluted 1:1000) diluted in blocking solution for 24 hours at 4o C. Sections were 704 

rinsed three times using PBS with 0.1% Tween-20 then mounted on slides and coverslipped using DAPI mounting 705 

(ProLong Gold antifade reagent with DAPI, Lot #250196) and imaged using fluorescence microscopy (Leica, 706 

BZ-X Series). Fiber optic tip locations were mapped using the Paxinos and Franklin’s Mouse Brain Atlas69. 707 

  708 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613237
http://creativecommons.org/licenses/by-nc-nd/4.0/


Data Availability 709 

Data will be posted to OSF after reviews are completed and a public version of the paper has been made available.  710 
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MAIN FIGURES & LEGENDS 734 

 735 

Figure 1 | Assessment of neuroeconomic decision-making with the Restaurant Row task. (a) Task 736 
structure: mice traversed a maze with four restaurants dispensing distinct flavors. (b) Single restaurant showing 737 
offer zone, wait zone, and potential choices. (c) Task training schedule. (d) Laps run. (e) Time spent before 738 
quitting. (f) Proportion of quits and skips. (g) Pellets earned. (h) Earnings by individual restaurant rank. (i) 739 
Time spent before quitting by rank. Data are mean +/- SEM for all panels. *p<0.05, **p<0.01, ***p<0.001, 740 
****p<0.0001, ANOVA main effect of Day; complete statistics are provided in Supplementary Tables. 741 
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 743 

Figure 2 | Individual differences in offer sensitivity define two decision-making phenotypes. (a) Example 744 
of an offer-sensitive mouse whose probability of accepting an offer varies as a function of offer. (b) Example of 745 
an offer-insensitive mouse whose probability of accepting is relatively consistent across offers. (c) Gaussian 746 
mixture models with two components fit to the distribution of offer sensitivity, separating the offer-sensitive 747 
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and offer-insensitive phenotypes. Inset: Akaike information criterion was minimized by a model with two 748 
components. (d to g) Proportion of offers accepted or skipped by rank and offer for offer-sensitive (d) and 749 
offer-insensitive (f), and proportion of offers quit or earned by rank for offer-sensitive (e) and offer-insensitive 750 
(g). (h to k) Difference in skip probability between high and low offers by rank for offer-sensitive (h) and offer-751 
insensitive (j), and difference in quit probability between high and low offers by rank for offer-sensitive (i) and 752 
offer-insensitive (j). (l to o) Proportion of offers accepted or skipped across training for offer-sensitive (l) and 753 
offer-insensitive (n), and thresholds in offer zone and wait zone for offer-sensitive (m) and offer-insensitive (o). 754 
Data are mean +/- SEM for all panels; open and filled circles represent female and male mice, respectively. 755 
**p<0.01, ***p<0.001, ****p<0.0001, ANOVA main effect followed by Fisher’s LSD post-hoc test; complete 756 
statistics are provided in Supplementary Tables. 757 
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 759 

Figure 3 | NAc core dopamine dynamics reflect decision-making differences. (a) Schematic of virus 760 
transfection sites in NAc core (top) and VTA (bottom). (b) Example of fiber optic placement. (c) Fiber optic tip 761 
placements for all animals. (d) Example histology showing viral expression of opsin in VTA (magenta). (e) 762 
ChrimsonR/halorhodopsin terminal expression (magenta) and dLight expression (green) in NAc. (f) Fiber 763 
photometry recording setup. (g to j) Time course of dopamine response to offer in offer-sensitive (g) and offer-764 
insensitive (j), along with average response to high, medium, and low delay offers in offer-sensitive (h) and 765 
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offer-insensitive (j). (k to o) Time course of dopamine responses to accepted offers in offer-sensitive (k) and 766 
offer-insensitive (n); skipped offers in offer-sensitive (l) and offer-insensitive (o); and average responses (m). (p 767 
to t) Time course of dopamine response to earning a pellet in offer-sensitive (p) and offer-insensitive (s); 768 
quitting in offer-sensitive (q) and offer-insensitive (t); and average responses (r). Shaded gray boxes indicate 769 
time windows used for quantification. Data are mean +/- SEM for all panels; open and filled circles represent 770 
female and male mice, respectively. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ANOVA main effect 771 
followed by Fisher’s LSD post-hoc test (h and j) or interaction followed by simple effect tests (m and r); 772 
complete statistics are provided in Supplementary Tables. 773 

  774 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2024. ; https://doi.org/10.1101/2024.09.16.613237doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613237
http://creativecommons.org/licenses/by-nc-nd/4.0/


 775 

Figure 4 | Dopamine rebounds after change-of-mind quitting reflect past value. (a) Schematic 776 
conceptualizing past value: the difference between willingness to wait (threshold) and offer delay. Highest 777 
values refer to short delays at more preferred flavors, while lowest values refer to long delays at less preferred 778 
flavors. (b to e) Dopamine dynamics during quit rebounds in offer-sensitive (b) and offer-insensitive (e), along 779 
with mean change in gray shaded window (c and d). (f to i) Dopamine dynamics after quitting with low and 780 
high time spent in countdown in offer-sensitive (f) and offer-insensitive (h), along with mean change in gray 781 
shaded window (g and i). Data are mean +/- SEM for all panels; open and filled circles represent female and 782 
male mice, respectively. *p<0.05, **p<0.01, ANOVA main effect followed by Fisher’s LSD post-hoc test; 783 
complete statistics are provided in Supplementary Tables. 784 
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 786 

Figure 5 | Dopamine dips before change-of-mind quitting reflect future value. (a) Schematic 787 
conceptualizing future value: the difference between willingness to wait (threshold) and time remaining in the 788 
countdown at quit. Values greater than zero imply that it would be economically unfavorable to quit, while 789 
values less than zero imply that it would be economically favorable to quit. (b to c) Favorable and unfavorable 790 
quits in offer-sensitive (b) and offer-insensitive (c). (d to g) Dopamine dynamics during favorable and 791 
unfavorable quits in offer-sensitive (d) and offer-insensitive (f), along with mean change in gray shaded window 792 
(e and g). (h to k) Dopamine dynamics while quitting with low and high time remaining in countdown in offer-793 
sensitive (h) and offer-insensitive (j), along with mean change in gray shaded window (i and k). Data are mean 794 
+/- SEM for all panels; open and filled circles represent female and male mice, respectively. *p<0.05, ANOVA 795 
interaction followed by simple effect test; complete statistics are provided in Supplementary Tables.   796 
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 798 

Figure 6 | Optogenetic inhibition of dopamine release causes change-of-mind quitting in a selective 799 
manner (a) Schematic showing halorhodopsin expression in dopamine terminals, and dLight1.3b expression in 800 
the NAc core. (b to d) Dopamine response to earning a pellet with (c) or without (b) light delivery, along with 801 
average dopamine response (d). (e) Wait zone locations (red shading and text) where light was delivered on half 802 
of offers > 15 s. (f) Probability of quitting on trials without light delivery (No Stim) and with light delivery 803 
(Stim) at more preferred flavors. (g) Change in probability of quitting caused by light delivery at more preferred 804 
flavors. Data are mean +/- SEM for all panels; open and filled circles represent female and male mice, 805 
respectively. *p<0.05, simple effect of light delivery in offer-sensitive mice; complete statistics are provided in 806 
Supplementary Tables. 807 
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 809 

Figure 7 | Dopamine dynamics in offer-sensitive mice relate to decision confidence. (a) Example path 810 
curvatures on trials with low zIdPhi (Non-VTE, left) and high zIdPhi (VTE, right); red square represents point 811 
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of maximum curvature. (b) IdPhi across training; gray shaded area represents dopamine recording days. (c to e) 812 
Distribution of IdPhi (c) and zIdPhi (d) and path curvatures (e). (f to g) Maximum path curvature (f) and 813 
proportion on favorable quits (g) on Non-VTE and VTE trials. (h to j) Dopamine dynamics aligned to point of 814 
maximum path curvature in offer-sensitive on Non-VTE (h) and VTE (i) trials, and offer-insensitive on Non-815 
VTE (j) and VTE (k) trials. (l to o) Mean dopamine response in gray shaded window for Non-VTE and VTE 816 
trials that were accepted (l) or skipped (m) in offer-sensitive, and accepted (n) or skipped (o) in offer-817 
insensitive. Data are mean +/- SEM for all panels; open and filled circles represent female and male mice, 818 
respectively. *p<0.05, **p<0.01, ****p<0.0001, Kolmogorov-Smirnov test (c to e) or ANOVA simple effect (f, 819 
g, and l); complete statistics are provided in Supplementary Tables.  820 
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 822 

Figure 8 | Optogenetic enhancement of dopamine release influences evaluation and re-evaluation of 823 
decisions in a selective manner. (a) Schematic showing ChrimsonR expression in dopamine terminals, and 824 
dLight1.3b expression in the NAc core. (b to c) Dopamine response to different pulse numbers (0, 5, 10, 15, or 825 
20; 589 nm, 20 Hz) in offer-sensitive (b) and offer-insensitive (c), highlighting calibrated stimulation 826 
parameters. (d) Offer zone locations (red shading and text) where optogenetic stimulation was delivered on half 827 
of offers > 15 s. (e) zIdPhi on trials without (No Stim) and with light delivery (Stim) at less preferred flavors. (f) 828 
Change in zIdPhi caused by light delivery at less preferred flavors. (g) Schematic showing behavior in the wait 829 
zone after light delivery in the offer zone (dotted red line) had ended. (h) Probability of quitting on trials after 830 
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no light delivery (No Stim) or light delivery (Stim) at less preferred flavors. (i) Change in probability of quitting 831 
caused by light delivery at less preferred flavors. Data are mean +/- SEM for all panels; open and filled circles 832 
represent female and male mice, respectively. *p<0.05, **p<0.01, simple effect of light delivery (e and h) or 833 
offer sensitivity (f and i); complete statistics are provided in Supplementary Tables. 834 
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EXTENDED DATA FIGURES & LEGENDS 836 

 837 

Extended Data Fig. 1 | Behavioral differences between change-of-mind quitting versus skipping. (a) 838 
Analysis of behavior at the subsequent restaurant (R+1) after an animal skips or quits at the previous restaurant 839 
(R). (b-e) Probability of accepting offer (b), reaction time (c), IdPhi (d), and lingering time (e) at R+1 after 840 
skipping versus quitting at R. Data are mean +/- SEM for all panels (n=46). **p<0.01, ****p<0.0001, ANOVA 841 
main effect of Outcome; complete statistics are provided in Supplementary Tables. 842 
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 844 

Extended Data Fig. 2 | Characteristics of offer-sensitive and offer-insensitive mice. (a) Proportions of male 845 
and female offer-sensitive and offer-insensitive mice. (b) Pellet earnings for individual mice by rank. (c) 846 
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Average pellet earnings by rank. (d) Lingering time for individual mice by rank, (e) Average lingering time by 847 
rank. (f) Distribution of time spent before quitting in offer-sensitive and offer-insensitive mice. (g) Time spent 848 
before quitting as a function of offer, separated by flavor rank. (h) Illustration of alternate strategies that are not 849 
being employed by mice of either phenotype. Neither phenotype was quitting randomly (top), only willing to 850 
wait a fixed amount of time (e.g., 10 seconds; middle); or waiting for a specific tone to cue them to quit (e.g., 1 851 
second; bottom). ****p<0.0001, ANOVA main effect of Rank; complete statistics are provided in 852 
Supplementary Tables. 853 
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 855 

Extended Data Fig. 3 | Anatomical maps of virus expression and optic fiber placements. (a) dLight1.3b 856 
viral expression in the nucleus accumbens. (b) ChrimsonR or eNpHR3.0 expression in VTA. (c) Fiber optic 857 
placement in nucleus accumbens core. Sequential columns show groups injected with ChrimsonR in the VTA, 858 
halorhodopsin in VTA, and the Cre-negative control group. 859 
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 861 

Extended Data Fig. 4 | Dopamine responses to earning pellets of different flavors and correlations 862 
between offer sensitivity and dopamine dynamics during main trial events. (a to b) Dopamine signal 863 
aligned to pellet delivery in offer-sensitive (a) and offer-insensitive (b), separated by individual preference: 864 
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most, high, low, and least (descending order). (c to d) Dopamine responses to earning as a function of both 865 
flavor preference and offer delay. Data are mean +/- SEM. (e-h) Average dopamine signal for accept (e), skip 866 
(f), earn (g), and quit (h) as a function of offer sensitivity. Yellow circles represent offer-insensitive mice 867 
(n=26), while red circles represent offer-sensitive mice (n=20). *p<0.05, ****p<0.0001, ANOVA main effect 868 
of Offer Delay (c) or Pearson correlation coefficient (e to g); complete statistics are provided in Supplementary 869 
Tables. 870 
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 872 

Extended Data Fig. 5 | Dopamine dips and rebounds are specific to change-of-mind quitting. (a and c) 873 
Dopamine dynamics after the decision (time indicated by gray bar) scale inversely with past value following 874 
(but not preceding) a change-of-mind quit decision. (b and d) Dopamine dynamics scale inversely with past 875 
value preceding (but not following, time indicated by gray bar) a skip decision. (e-h) Dopamine signals differed 876 
between motorically identical but psychologically distinct acts of leaving the wait zone after quitting (e and g) 877 
versus earning (f and h), in both offer-sensitive (e-f) and offer-insensitive (g-h). Data are mean +/- SEM for all 878 
panels (n=46); open and filled circles represent female and male mice, respectively. **p<0.01, ANOVA main 879 
effect of Value; complete statistics are provided in Supplementary Tables. 880 
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 882 

Extended Data Fig. 6 | Dopamine reflects value and not time to earn. (a) Offer-sensitive and (b) offer-883 
insensitive mice display elevated dopamine during the countdown on higher value offers, despite identical time 884 
to reward. (c) Area under the curve for high- and low-value offers over equal windows of time to reward (4 885 
seconds). Data are mean +/- SEM for all panels; open and filled circles represent female and male mice, 886 
respectively. ****p<0.01, ANOVA main effect of value; complete statistics are provided in Supplementary 887 
Tables. 888 
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 890 

Extended Data Fig. 7 | Control conditions for mice expressing halorhodopsin. (a) Average total duration of 891 
inhibition in wait zone for each trial (n=8/7 for offer-sensitive/insensitive). (b) Schematic showing wait zone 892 
locations (red shading and text) where light was delivered on half of offers > 15 s. (c) Probability of quitting on 893 
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trials without light delivery (No Inhib) and with light delivery (Inhib) at all flavors. (d) Illustration of 894 
“mismatched” light delivery paremeters (589 nm, 20 Hz, 3-4 mW) for mice expressing halorhodopsin in 895 
mesolimbic dopamine terminals. (e-g) Dopamine response to earning a food pellet in the absence (e) and 896 
presence (f) of mismatched light delivery, along with the change in peak dopamine signal under each condition 897 
(g). (h) Schematic showing mismatched light delivery in the offer zone (red shading and text). (i) zIPhi in the 898 
offer zone on stimulation trials with light delivery (“Light”) and control trials with no light delivery (“No 899 
Light”). (g) Probability of quitting in the wait zone with and without light delivery. Data are mean +/- SEM for 900 
all panels (n=7/2 for offer-sensitive/insensitive); open and filled circles represent female and male mice, 901 
respectively. Complete statistics are provided in Supplementary Tables. 902 
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 904 

Extended Data Fig. 8 | Dopamine dynamics relate to decision confidence earlier in training, follow similar 905 
trends as late training, and scale with flavor preference. (a) Mid training recording days. (b) Offer-sensitive 906 
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and (c) offer-insensitive dopamine dynamics during accepts aligned to time at which maximum path curvature 907 
occurs on Non-VTE (right) and VTE (left) trials; (d) Offer-sensitive and (e) offer-insensitive dopamine 908 
dynamics during skips aligned to time at which maximum path curvature occurs on Non-VTE (right) and VTE 909 
(left) trials. (f-g) IdPhi scaled with flavor preference in both offer-sensitive (f) and offer-insensitive mice (g), 910 
such that there was greater VTE at more preferred flavors. Data are mean +/- SEM for all panels. 911 
****p<0.0001, ANOVA main effect of Rank; complete statistics are provided in Supplementary Tables. 912 
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 914 

Extended Data Fig. 9 | Individually-tailored optogenetic stimulation responses. (a to b) Optogenetic 915 
stimulation-response curves for each offer-sensitive (a) and offer-insensitive (b) mouse using the following 916 
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parameters: pulse number 0, 5, 10, 15, or 20; wavelength 589 nm; frequency 20 Hz. (c) Stimulation parameters 917 
did not differ on average between offer-sensitive and offer-insensitive mice. (d) Average total number of pulses 918 
delivered in the offer zone for each trial did not differ (n=6/10 for offer-sensitive/insensitive). Data are mean +/- 919 
SEM for all panels; open and filled circles represent female and male mice, respectively. Complete statistics are 920 
provided in Supplementary Tables. 921 
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 923 

Extended Data Fig. 10 | Specificity in the effects of optogenetic enhancement of dopamine release. (a-d) 924 
Schematics showing offer zone locations (red shading and text) where light was delivered on half of all offers > 925 
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15 s (a and c), with corresponding zIdPhi on trials without (No Stim) and with light delivery (Stim) at indicated 926 
flavors (b and d). (e-h) Schematic showing behavior in the wait zone after light delivery in the offer zone 927 
(dotted red line) had ended (e and g), with corresponding probability of quitting on trials after no light delivery 928 
(No Stim) or light delivery (Stim) at indicated flavors (f and h). (i) Schematic showing offer zone locations (red 929 
shading and text) where light was delivered to Cre-negative control mice on half of all offers > 15 s. (j) zIPhi on 930 
trials without (No Stim) and with light delivery (Stim) at less preferred flavors. (k) Schematic showing behavior 931 
of Cre-negative control mice in the wait zone after light delivery in the offer zone (dotted red line) had ended. 932 
(l) Probability of quitting on trials after no light delivery (No Stim) or light delivery (Stim) at less preferred 933 
flavors. Open and filled circles represent female and male mice, respectively. Complete statistics are provided 934 
in Supplementary Tables. 935 
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