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Abstract

Background—To make appropriate choices, organisms must weigh the costs and benefits of
potential valuable outcomes, a process known to involve the nucleus accumbens (NAc) and its
dopaminergic input. However, it is currently unknown if dopamine dynamically tracks alterations
in expected reward value “on-line' as behavioral preferences change, and if so, if it is causally
linked to specific components of value such as reward magnitude and/or delay to reinforcement.

Methods—Electrochemical methods were used to measure subsecond NAc dopamine release
during a delay discounting task where magnitude was fixed but delay varied across blocks (n=7
rats). Next, to assess whether this dopamine signaling was causally related to specific components
of choice behavior, we employed selective optogenetic stimulation of dopamine terminals in the
NAc using a modified delay discounting task in which both delay and magnitude varied
independently (n=23 rats).
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Results—Cues predictive of available choices evoked dopamine release that scaled with the rat's
preferred choices, and dynamically shifted as delay to reinforcement for the large reward
increased. In the second experiment, dopamine signaling was causally related to features of
decision making, as optogenetically-enhanced dopamine release within the NAc during predictive
cue presentation was sufficient to alter subsequent value-related choices. Importantly, this
dopamine-mediated shift in choice was limited to delay-based, but not magnitude-based decisions.

Conclusions—These findings indicate that NAc dopamine dynamically tracks delay
discounting, and establishes a causal role for this signaling in a subset of value-based associative

strategies.
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Introduction

Behaviors to obtain desirable rewards require a complex assessment comparing the costs of
actions - such as effort, delay to reinforcement and risk — to the benefits of the outcome.
Typically, these factors vary independently, requiring a calculation of subjective tolerance to
various behavioral costs versus the benefit of anticipated rewards. Integral to this decision
making process is a neural circuit that includes the nucleus accumbens (NAc) and its
dopaminergic input (1-3). Dopamine neurons encode reward prediction, displaying
increased activation to cues that reliably predict reward delivery (4-7), reflected in
dopamine release in the NAc (3, 8-10). Further, mesolimbic dopamine has also been
implicated in cost-benefit calculations necessary for value-based decision making. Patterned
firing of dopamine neurons track choice behaviors related to effort, delay, risk and
probability of reward (7, 11-14), and these signals are reflected in phasic dopamine release
in the NAc (3, 10). Indeed, perturbations of mesolimbic dopamine circuitry, including the
NAC, result in maladaptive decision making such that animals are not able to adjust
behaviors appropriately as the value of rewards change (15-21). Thus, the mesolimbic
dopamine system not only encodes predictions of reward value, but is necessary for
dynamically evaluating costs and adjusting behaviors to maximize resources.

Specific elements of value-based decision making may be separable into related but distinct
components. Value assessment appears to involve both outcome-based features of the
association (e.g., reward magnitude) as well as subjective components that may be more
variable across individuals (e.g., impulsivity, or willingness to engage in risky behaviors).
Recent evidence suggests that these may be dissociable at the neural level; dopamine
neurons track subjective cost calculations like effort and delay (8, 10) and disruption of the
dopamine signal profoundly alters choice behaviors that vary along these subjective
dimensions (20). In contrast, alterations of dopamine signaling typically have no effect on
choice behavior when rats discriminated rewards of different magnitude (16, 20, 21).
However, little is known about precisely how rapid dopamine signaling encodes, and may be
causally linked to, subjective factors compared to outcome-based features underlying value-
based decision making.
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Here, we used complimentary approaches to understand these issues. First, fast-scan cyclic
voltammetry (FSCV) in behaving rats was used to evaluate how rapid dopamine signaling in
the NAc encodes dynamic changes in anticipated reward value during a task that varied
subjective costs (delay to reward) across the session while keeping outcome features (reward
magnitude) fixed (3 pellets). Rats were allowed to choose between a small reward available
immediately after a response versus a large reward that was available after either no delay
(0s), a short delay (10s), or long delay (20s). We found that rapid dopamine signaling
dynamically tracks this subjective decline in outcome value; decreases in dopamine release
were observed for cues signaling the large reward as delay to reinforcement increased. To
assess whether discrete aspects of this signaling was sufficient to support choice behavior,
we next used optogenetic tools to selectively activate VTA dopaminergic neurons during a
modified version of our task. We found that optogenetic stimulation of dopamine fibers in
the NAc was sufficient to shift choice behaviors when options varied by delay to
reinforcement, but not magnitude. These findings reveal a causal relationship between
phasic dopamine release and value-based decision making under subjective, but not
outcome-based, features.

Materials and Methods

Behavior

Detailed methods are described in the Supplemental Materials. Briefly, male Sprague
Dawley rats (n=7; Harlan Indianapolis, IN) were trained on a delay discounting task
comprised of three trial types. On forced choice delay trials (Fig. 1A, left) a cue light was
illuminated for 5s followed by extension of two levers. A single press on the associated
lever positioned below that cue light resulted in a large reward (3 sucrose pellets) delivered
after a period of delay. During forced choice immediate trials (Fig. 1A, middle), another 5s
cue light signaled that responses on the associated lever resulted in a small (1 sucrose pellet)
immediate reward. During free choice trials (Fig. 1A, right), both cue lights illuminated for
5s, signaling that both responses were rewarded based on the contingency of the lever
chosen. Importantly, each behavioral session consisted of three blocks of trials: during the
first block the large reward was presented immediately (No-Delay block), in the subsequent
block, the delay to large reward was 10s following a lever press (Short-Delay block), while
in the last block, there was a 20s delay to obtain the large reward (Long-Delay block). Rats
performed 30 trials per block with 20 forced choice (10 of each type) and 10 free choice
trials. Rats were voltammetrically recorded on the last day of training.

For the optogenetics experiment, we used a modified version of the task in a different set of
animals (n=23; see Supplemental Methods for details). Here, we trained rats with a variety
of different delays and magnitudes across sessions, but on the test day we used optogenetics
to manipulate each feature of the delay discounting task independently of the other. This was
accomplished by completing a “delay' test day (whereby two delays were used with the same
magnitude) and a “magnitude' test day (involving two magnitudes with the same delay). This
approach was critical since any optogenetic manipulation using the more traditional delay
discounting task would not isolate but instead confound the contribution of each factor
(magnitude versus delay) with the other.
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On test days, optical stimulation (5s, 20Hz, 20mW, 5ms pulsewidth) of 473nm light was
delivered to the NAc of rats during the 5s cue presentation for the less-valuable option on
forced choice trials (i.e., delay condition: stimulate on forced delay cue; magnitude
condition: stimulate on forced small reward cue). No stimulation was delivered during free
choice cues. This approach allowed us to isolate the contribution of each factor (delay or
magnitude) independently by assessing whether increasing dopamine signaling during
specific forced trial types would bias preference for that option when subsequently given a
choice. Critically, since stimulation was restricted to forced choice (i.e., not during free
choice) trials, free choice behavior served as a measure of learned preference for the
different options independent of any nonspecific effects of stimulation during free choice
trials. All rats were tested while connected to the laser for 3 sessions: the first and last no
light was delivered, while the light was delivered for the middle session. Thus, each animal
served as its own behavior control for both the presence and absence of stimulation.

Rapid dopamine release was measured in the NAc core (see Fig. S2 for histology) using
established procedures (10) during the task in well-trained rats. See supplemental materials
for details.

Optogenetics

Results

Male Long-Evans rats (n=23; in-house bred) were infused with a Cre-dependent adeno-
associated viral construct encoding ChR2 with EYFP (AAV5-DIO-ChR2-EYFP), into the
VTA (see Supplemental Materials for detail). Optical fibers (200 um diameter core) coupled
to ferrules were chronically implanted over the NAc bilaterally. The virus was given at least
8 weeks to be taken up and expressed in the terminals in the NAc before behavioral
experiments were conducted (22).

Dopamine signaling tracks associative cue value related to subjective choice preferences

During the delay discounting task used with FSCV, rats discriminated the different reward
options during both forced and free choice trials. On forced choice trials, rats showed
accurate responding (89.6% correct) which was modulated by delay costs (Fig S1A-D).
During free choice trials, rats' initial preference for the large-reward lever decreased as
delays for that outcome increased across blocks (Fig. 1B; F( 7y=21.68, p<0.001). In the No-
Delay block, rats strongly preferred the large (immediate) option, choosing it significantly
greater than chance (t(7)=7.519, p<0.001). In the Short Delay block (delay to the large
reward increased to 10s), preference for the large-delay lever decreased to a rate equal to the
small-immediate option (t(7)=1.097, p=0.31). In the Long-Delay block (large reward delay:
20s), rats now strongly preferred the small-immediate option, selecting it well above chance
(t(7)=3.742, p<0.01).

Reward-predictive cues evoke phasic increases in NAc core dopamine that scales with the
predicted value of outcomes (3, 8, 10). In the forced choice trials, phasic dopamine release
occurred following presentation of reward-predictive cues in each of the delay blocks.
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However, the peak amplitude (greatest concentration within 1s following cue onset) of cue-
evoked dopamine release systematically varied depending on both reward magnitude (small
versus large; F(; 7)=13.62, p<0.01) and the delay block (No-Delay, Short-Delay, Long-
Delay; F(2,14=13.33, p<0.001) (Fig. 2A-C). Importantly, a significant interaction between
magnitude and delay, F( 14=47.6, p<0.0001, indicated that dopamine signaled the relative
value of each cue type as it changed with increasing delays (Fig. 2D). During the No-Delay
block, rats displayed both a strong behavioral preference for the large reward (Fig. 1B), and
significantly greater peak cue-evoked dopamine that option in forced choice trials (Tukey:
p<0.001, Fig. 2A,D). Similarly, in the Short-Delay block, greater dopamine was evoked by
the large-delayed than small-immediate cue (Tukey: p<0.01, Fig. 2B,D). However, in the
Long-Delay block, rats shifted to a strong preference for the small immediate reward (Fig.
1B), while dopamine release during the large-delayed option was significantly less than the
small immediate cue, t(7)=2.447, p=0.04). Indeed, a significant correlation between cued
dopamine amplitude and subsequent behavioral preference during free choice trials (r?=0.63,
p<0.001), indicated that NAc dopamine encoded and rapidly updated information that
tracked subsequent choice behavior (Fig. 2E).

Phasic dopamine signaling encodes relative values during behavioral choices

Dopamine release during cues may either signal the value of the best available option or the
specific action selected, which are conflated on forced choice trials (8, 10). To reconcile
this, we evaluated cue-evoked dopamine release during free choice trials. Free choice trials
were associated with significant increases in dopamine during cue presentation (Fig. S3A),
that decreased across trial blocks as the subjective value of expected rewards was devalued
by the temporal delay, F(2 14)=9.75, p=0.002 (Fig. S3B). Notably, dopamine release was not
significantly different from that seen for the behaviorally preferred option on forced choice
trials (all p>0.05), consistent with previous work in FSCV (8, 10) and VTA neural activity
(7, 23).

However, to examine whether dopamine was additionally involved with the expected value
of the chosen option, we analyzed trial-by-trial dopamine traces during the free choice cues
based on whether each subject subsequently chose its preferred or non-preferred option
within that block. A significant main effect of Preference, F(; 213)=21.32, p<0.0001,
indicated that individual preferences influenced dopamine signaling during the free choice
cue (Fig. 3A-F) with greater peak dopamine during the choice cue when rats subsequently
chose their preferred option. However, as in forced choice trials, a significant interaction of
Delay Block X Preference (F(2213)=5.51, p<0.005) indicated that the free choice cue evoked
greater dopamine when the rat subsequently chose its preferred option compared to the non-
preferred option in both the No-Delay block (Kolmogorov-Smirnov [K-S] D=0.65,
p<0.005); Fig. 3B) and the Short-Delay block (K-S D=0.42, p<0.02); p<0.05, Fig. 3D).
However, this difference did not persist in the Long-Delay block, p=0.75 (Fig. 3F). Peak
dopamine release decreased across blocks when the rat chose its preferred option (no-delay
versus short-delay, K-S D=0.36 p<0.005; short-delay versus long-delay, K-S D=0.40,
p<0.001), but did not change across delay blocks when the rat chose the non-preferred
option (K-S: all p>0.50). Indeed, for each subject's preferred option within a delay block,
peak dopamine for the preferred forced choice cue significantly correlated with cued
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dopamine for free choice trials when the rat subsequently chose its preferred option, r=0.64,
F(1,22=15.35, p<0.001, but not when it chose its non-preferred option p=0.43 (Fig. S4).
Finally, this predictive scaling of DA signaling was largely limited to the cue, as there were
no preference-modulated differences during the press (Fig. S5A), though there was a modest
decrease in the period following press that was not related to reward size, but instead to the
long delay for the larger option (Fig. S5B). Thus, dopamine signaled information about the
relative value for options within the block that was selective to predictive cues.

Optical stimulation of terminal dopamine during cues modulates choice behavior

While the above findings indicate a role for dopamine signaling for encoding predicted
value, it does not show a causal relationship between relative dopamine signaling and choice
behavior. To test whether dopamine signaling is sufficient to bias value encoding necessary
for choice behavior, we used a genetic line of rats expressing Cre-recombinase in TH
neurons (TH. .Cre(*/)) (22) and their non-transgenic littermate controls. All rats were
injected with a Cre-dependent virus into the VTA to induce ChR2 expression selectively in
dopamine neurons (Fig. S6A). Optical fibers placed in the NAc allowed for selective
activation of dopamine terminals to induce release (Fig. 4A). Optical stimulation parameters
(473nm laser; 5s, 20Hz, 20mW, 5ms pulsewidth) were based on in vivo measurements of
dopamine release using FSCV generated by different presentations of laser light on
dopamine cells (see Supplemental Methods, Fig. S6), which similar to previous reports (22,
24, 25) were behaviorally confirmed by TH. .Cre(*/) rats' willingness to self-administer
light to the NAc at these settings (Fig. S7).

Next, we coupled this optogenetic approach with a modified version of our delay-
discounting task, designed to allow delay (range: 0-60s) and magnitude (range: 1-3 pellets)
components to vary independently across sessions (see Supplemental Methods for details).
During this task, accuracy on forced choice trials did not vary by transgenic group

(TH: Cre(*/): 83.3% versus controls, 82.9%, Group: F(1 45=0.034, p=0.85). During free
choice trials, all rats showed a preference for larger rewards (Magnitude: F; 52)=4.03,
p=0.022), and a strong bias towards immediate reinforcement (Delay: F(4 248=115.6,
p<0.0001), though this preference for larger rewards dissipated as delays to reinforcement
increased (Magnitude X Delay: F(g 24g)=3.32, p=0.0012; Fig. 4B). However, there was no
main effect of genetic Group, F(1 62)=2.07 p=0.155, or any interaction of Group with
Magnitude or Delay (all ANOVA interactions, p>0.30).

We then tested whether optogenetically-enhanced dopamine signaling was sufficient to alter
subsequent choice behavior. As shown in our FSCV experiment, cued dopamine signaling
scaled with the rats' subjective preferences. If dopamine amplitude is a necessary component
of expected value encoding, then enhanced dopamine signaling during cues signaling the
less preferred option should bias animals towards preferring that option when subsequently
given a choice. To test this hypothesis, rats received optical stimulation (5s, 20Hz, 20mW,
5ms pulsewidth) of dopaminergic terminals in the NAc selectively during the forced choice
cue associated with a lower-value option (Fig. 4C-D), which was compared to their
behavior when they performed the same discrimination without stimulation. Importantly, no
stimulation was given during free choice cue trials, thus allowing for these choice trials to
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act as a measure of learned preference for one option or the other rather than any nonspecific
effects of stimulation. Optical fiber tip locations within the NAc for the delay and magnitude
tests are shown in Figs. S8 and S9.

The first experiment (Delay Test) comprised a delay manipulation (Fig. 4C), where rats
discriminated an Immediate option (1 pellet, Os delay) and a Delay option (1 pellet, 10s
delay). During these sessions, 5s optical stimulation selectively during the Delay cue of
forced choice trials had no effect on the accuracy of behavioral performance on those trials
either between groups (Fig. 4E, left), or compared to the no-stimulation sessions (Fig. S10A,
Group: F(1,21)=0.55, p=0.47; Stimulation: F(;, 21)=1.39, p=0.26; Group X Stimulation:

F@, 21)=1.06, p=0.31). In contrast, optical stimulation during the forced Delay cue biased
TH::Cre(*/) rats, but not controls, towards choosing this option in subsequent free choice
trials (Group X Stimulation, F; 21)=7.95, p=0.010; Fig. 4E, right). Specifically,
TH::Cre®*/?) rats showed significantly greater responding for the Delay choice compared to
controls (Tukey: p<0.001) and also relative to their performance on the no-stimulation
session (Tukey: p<0.02). In contrast, controls showed no difference in choice behavior when
they received stimulation compared to their no-stimulation session (Tukey: p=0.21). Further,
TH::Cre(*/") and control rats did not differ from each other in sessions where was no light
delivered (Tukey: p=0.22; Fig. S10A).

In a second experiment (Magnitude Test), we selectively manipulated reward size while
keeping delay to reinforcement fixed (Fig. 4D). Here, rats chose between a Small (1 pellet)
versus a Large (2 pellet) reward; both reinforcers were delivered immediately following
lever press (Os delay). As in the Delay test, we found no effect of stimulation on forced
choice trials during either stimulation (Fig. 4F, left) or no-stimulation (Fig. S10B) sessions
(ANOVA Group, F(1,14)=0.05, p=0.82; Stimulation, F1 14y=0.71, p=0.41;Group X
Stimulation, F(; 14y=2.56, p=0.13). In contrast with the Delay test, stimulation during the
Magnitude sessions had no discernible effect on subsequent choice behavior (Fig. 4F, right).
We found no effect of Group, F(1 14y=0.24, p=0.63, Stimulation, F, 14)=1.02, p=0.33, or
Group X Stimulation, F1,14y=0.01, p=0.92. Regardless of Group, all subjects preferred the
large reward option given the free choice, regardless of stimulation (all Tukey comparisons
Small vs Large, p<0.001Fig. S5B). Thus, optogenetically-enhanced dopamine signaling
during cues was sufficient to alter value-based decision behavior when options varied by
delay costs, but not when they varied only in reward magnitude.

Discussion

The present findings reveal a role for dopaminergic input to the NAc in mediating discrete
aspects of value-based decision making. Using FSCV in a delay-discounting task where
reward magnitudes were constant but delays to reinforcement shifted, dopamine release
during predictive cues scaled between differently valued options that reflected information
about the rats' preferred responses in forced choice trials, tracked the value of the preferred
choices, and was dynamically modulated by delay costs. Further, cued dopamine signaling
during delay discounting was not merely correlated with value-based preferences. Using a
modified version of the delay discounting task that allowed us to independently manipulate
delay costs and reward magnitude, optogenetically-enhanced dopamine release within the
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NAc during predictive cues was sufficient to shift subsequent free choice responses.
However, this effect was quite specific, as optically-enhanced dopamine was sufficient to
shift choice behavior in delay-based discriminations, but not magnitude-based
discriminations. These findings show a critical role for dopamine signaling in value-based
decision-making, and illuminate a differential role for this signal in distinct aspects of value
encoding.

The importance of dopaminergic signaling in tracking subjective costs has been
demonstrated along aspects such as delay, effort and risk-taking behaviors (17, 18, 20, 26),
although it was not previously known what features of the dopamine signal were critical for
these processes (27). Here, using a delay discounting task, we show that dopamine signaling
tracks two important features of predicted value necessary for subsequent choice selection.
First, dopamine was relatively greater for cues associated with the preferred option within a
given block, indicating that this signaling is important for biasing animals toward selecting
favorable outcomes within a given context. Second, dopamine levels failed to encode a
“winner-take-all” strategy in which preferred options evoked maximum dopamine levels and
non-preferred options were minimal. Instead, dopamine signals produced a graded and
dynamic prediction of subjective value that rapidly shifted as delay costs increased across
blocks. Specifically, while peak dopamine levels for the Small/Immediate option did not
vary across blocks, dopamine for the Large/Delay option was sensitive to delay costs and
decreased across blocks accordingly. This provides further evidence that dopamine signaling
presents a consistent neural currency reflecting both the relative value between options
within a context, but also perhaps the additional value to be gained by the more
advantageous option (23).

We also show that phasic dopamine release within the NAc is modulated by choice
behavior. Previous work has suggested that dopamine signals encode the best available
option regardless of the action chosen (7, 8, 10). Here, however, dopamine signaling during
the choice cue reflected a dynamic prediction of subjective value that was weighted by the
preference for the subsequent choice. Thus, phasic dopamine during the cue signaled the
best available option, but only when this was coupled to integrating this information into
preferred action selection. This observation differs substantially from previous reports (in
particular, 7), though some important differences may account for this discrepancy. One,
terminal release of dopamine within the NAc may diverge from neural impulses of recorded
VTA neurons due to either recorded neurons failing to project to the NAc core and/or
additional regulation of dopaminergic terminals within the NAc by other striatal inputs. In
both cases, the correspondence between VTA activity and resultant dopamine release within
the NAc may display subtle but important differences. Two, earlier tasks (7, 8) employed
choices where one of the options was clearly superior to the other (e.g., less versus more
effort for the same reward, or large versus small reward). In contrast, the present delay
discounting tasks are more ambiguous, as the cost-benefit weighting varied considerably
between individuals for the same parameters. Thus, these ambiguous factors may contribute
to better resolution of detecting preference-dependent actions. In support, we have recently
shown that NAc neural activity in both core and shell tracks information for subjective
preferences during choice cues in a similar risk-based decision task (28).
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We also report that optogenetic stimulation of the dopamine signal was sufficient to bias
later choices in a value-based decision making task. However, enhanced dopamine signaling
was sufficient to shift preferences for only a subset of choice discriminations. When rats
were given the choice to select the same magnitude reward (1 pellet) but at different
temporal delays (immediately versus 10s delay), dopamine release to the delayed cue was
sufficient to shift preference to that option. In contrast, when rats had the choice to select
between rewards of different magnitude (1 versus 2 pellets) at the same delay (both
immediate) optically-enhanced dopamine signaling during the smaller reward cue failed to
shift preference to that option. Thus, dopamine signaling was sufficient to modulate choice
behavior in some (delay costs), but not all (magnitude), assessments of expected value.
Compellingly, a recent finding showed that brief inhibition of dopamine signaling during
decision-making shifts rats away from advantageous choices (21), which along with the
present findings, argue for both a necessary and sufficient role for dopamine in decision-
making.

In naturalistic settings, delays to reinforcement entail lost opportunity costs to obtain other
foods and can increase risk of predation, though this waiting may provide superior rewards.
In contrast, shifting to an impulsive strategy of smaller but more immediate rewards also
accrues fewer rewards, but has the benefit of limited exposure to risk. Thus, weighing the
costs and benefits of various factors often does not produce an obvious solution. Dopamine
signaling appears to bias animals' subjective strategies for resource maximization under
these uncertain conditions. In contrast, magnitude is a more intrinsic feature of reward value.
Assuming equal time and effort to obtain two rewards of different size, animals will always
prefer the larger option. Additional dopamine signaling here appeared to have no
appreciable effect on subsequent magnitude-based decisions, consistent with related findings
(16, 20, 21), reinforcing the idea of dopamine's role in modulating subjective factors of
value during decision making.

This difference in value-based dopamine signaling in the NAc has been shown under
multiple subjective cost conditions. For example, when rats had to expend more effort to
obtain reinforcement, cues predictive of this effortful option evoked less dopamine release
than the easier option, despite the fact that the rewards magnitudes were the same for each
choice (8). Similarly, in a risk-based decision task where the expected values of two
different options were equal but varied on probability, rats typically expressed a strong
preference for one of the choices (10). Dopamine in this task tracked the subjective
preference rather than the expected value, and indeed, NAc neurons showed differential
patterns of firing that reflected these preferences during choice behavior (29). Recently,
transient inhibition during risk-based tasks was sufficient to shift probability-based
decisions, but not magnitude (21), while evidence from humans similarly indicate that cues
that predict high value options based on reward probability or delay (but not reward size)
recruit larger amounts of ventral striatal activity (30, 31).

In conclusion, we have shown that the dopamine signal within the NAc core plays a central
role in the encoding of value-based associative information for guiding subsequent behavior.
Not only is this signal highly dynamic (changing rapidly as conditions shift), but is sufficient
to bias animals' decisions involving delay-based, but not magnitude-based conditions. Thus,
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the present data suggest a direct causal link between dopamine signaling and components of
subjective value-based decision making.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Delay discounting task and behavior. (A) Schematic representation of the task. On Forced

Choice Delay trials (left), a 5s cue predicted the opportunity to press a lever for a large
reward after a period of delay. On Forced Choice Immediate trials (middle) the other cue
light predicted the opportunity to respond for a small reward delivered immediately. On Free
Choice trials (right) both cue lights predicted the opportunity to choose between large
delayed or small immediate rewards. (B) Free choice behavior during the delay discounting
task. Responses for the large reward decreased as delay to reward increased. *p<0.001 delay
option chosen greater than chance; ¥p<0.05 delay option chosen less than in No Delay
block; 8p<0.01, delay option chosen less than chance. Data are mean + SEM.
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Figure 2.
Dopamine release encodes the relative value of cue presentations during delay discounting.

Dopamine concentration aligned to cue onset (black bar, time 0 s) on forced large versus
forced small reward trials during the (A) No Delay, (B) Short Delay, and (C) Long Delay
blocks. (D) Peak dopamine concentration following cue onset for forced Large/Delay cues
(black squares) and forced Small/Immediate cues (open squares) across each reward delay
block. Dopamine release was greatest for the Large option when delivered immediately, but
decreased as delays to reinforcement increased. *p<0.05 Large/Delay greater than Small/
Immediate. ¥p<0.05 Large/Delay option less than Large/Delay (No Delay block). 8p<0.05
Small/Immediate greater than Large/Delay. Data are mean + SEM. (E) Correlation of
behavioral preference (% Large/Delay option chosen within a block) with dopamine
difference score (peak dopamine for the Large/Delay option minus peak dopamine for the
Small/Immediate option within a block) for each animal during each of the three blocks of
the task.
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During free choice trials, dopamine release during choice cue presentation scaled with both

subsequent choice and subjective preference. (A—C) Average trial-by-trial dopamine
signaling aligned to choice cue onset (Cue) were separated by whether the animal

subsequently chose its Preferred option (at least 50% choices within that block; dark colors)
or its Non-Preferred option (light colors). (D-F) Mean peak dopamine signal following
choice cue onset was greater when rats chose their Preferred option compared to their Non-
Preferred option. However, this effect was strongest (**p<0.01) in the No Delay block (d),
moderate (*p<0.05) in the Short Delay block (e), and absent in the Long Delay block. All

data are mean + SEM.
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Figure 4.
Optical stimulation of dopamine terminals modulates delay but not magnitude-based

decision making. (A) Schematic representation of optogenetic technique. The VTA was
bilaterally injected with a Cre-dependent ChR2 virus into both TH: :Cre(*/~) and control rats,
though ChR2 was only expressed in cells in the TH: :Cre(*/?) subjects. In all subjects,
bilateral optical fibers were aimed at the NAc. (B) Discounting behavior for control (left)
and TH: :Cre(*/7) animals (right), showing the percent of presses on the large delayed lever
plotted against the delay to reward. Animals discriminated between reward magnitudes,
pressing significantly more than chance for the larger reward when no delay was imposed
and decreased preference for the larger option as delays increased. There were no
differences between groups in delay discounting behavior. (C) Schematic of the task design
for the optogenetic delay manipulation. Presses on one lever option (immediate) resulted in
a small reward delivered immediately, while on the other lever option (delay) resulted in a
small reward delivered after a 10s delay. All rats received optical stimulation of dopamine
afferents in the NAc during the cue on forced choice delay trials, but not during the cue on
the forced immediate or free choice trials. (D) Schematic of the task design for the
optogenetic magnitude manipulation. Presses on one lever option (small) resulted in one
small pellet delivered immediately, while on the other lever option (large) resulted in a two
pellets reward delivered immediately. All rats received optical stimulation of dopamine
afferents in the NAc during the cue on forced choice small trials, but not during the cue on
the forced large or free choice trials. (E) Left: Percent accuracy on forced trials in control
(n=12; dark blue) and TH: :Cre(*/7) rats (n=11; pale blue) during Delay Test decision making
sessions. Laser stimulation during the Forced Choice Delay cue on these trials had no effect
on forced choice accuracy in either group. Right: During Free Choice trials, no laser
stimulation was delivered, and thus choice behavior was determined by value learned during
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forced choice trials. During sessions in which rats received laser stimulation during the
Forced Choice Delay cue, TH: :Cre(*) rats subsequently showed a significant increase in
preference for the Delay lever compared to both the stimulated control animals.*p<0.05,
greater than stimulated controls; ¥p<0.05, greater than no-stimulation condition. (F) Left:
Percent accuracy on forced trials in control (n=9; dark green) and TH: :Cre(*/) (n=7; pale
green) animals during Magnitude Test decision making sessions. Laser stimulation during
the Forced Choice Small cue had no effect on either group's accuracy relative to controls.
Right: Subsequent preference in the Free Choice trials for the Small reward option was
similar for both control and TH: :Cre(*/7) subjects, as subjects in both groups preferred the
Large option equally. Data shown are mean + SEM.
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