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SUMMARY

The dopamine system responds to reward-predic-
tive cues to reflect a prospective estimation of
reward value, although its role in encoding retro-
spective reward-related information is unclear. We
report that cue-evoked dopamine release in the
nucleus accumbens core encodes the time elapsed
since the previous reward or rather the wait time.
Specifically, a cue that always follows the preceding
reward with a short wait time elicits a greater dopa-
mine response relative to a distinct cue that always
follows the preceding reward with a long wait time.
Differences in the dopamine response between short
wait and long wait cues were evident even when
these cues were never experienced together within
the same context. Conditioned responding updated
accordingly with a change in cue-evoked dopamine
release but was unrelated to a difference in the dopa-
mine response between cues. Collectively, these
findings illustrate that the cue-evoked dopamine
response conveys a subjective estimation of the rela-
tive reward rate.

INTRODUCTION

Appetitive behavioral actions are influenced by the presence of

reward-associated cues through neurobiological processes

involving the mesolimbic dopamine system (Salamone and

Correa, 2012). Dopamine neurons respond to cues to signal

prospective reward-related information, such as reward size

(Gan et al., 2010; Roesch et al., 2007; Tobler et al., 2005), reward

probability (Fiorillo et al., 2003; Hart et al., 2015), and the delay

before a reward is delivered (Day et al., 2010; Fiorillo et al.,

2008; Roesch et al., 2007).

In addition to conveying prospective reward-related informa-

tion, cues can also signal retrospective reward-related informa-

tion. Consider a scenario where there are two lemonade stands

in the neighborhood: one is a short distance from your house on

the corner, and the other is a long distance from your house on a

cul-de-sac. Both cues (the corner and the cul-de-sac) signal

the identical prospective reward-related information (a cup of

lemonade) but differ in the retrospective reward-related informa-

tion that is conveyed (time elapsed and effort exerted before
Cell Re
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observing the cue). Given the role of dopamine encoding

prospective reward-related information, could cue-evoked

dopamine release also convey retrospective reward-related

information, such as elapsed time? The dopamine response to

both cues and rewards can be influenced by the passage of

time (Fiorillo et al., 2008; Pasquereau and Turner, 2015; Soares

et al., 2016; Starkweather et al., 2017), although it is unknown

whether the cue-evoked dopamine response encodes retro-

spective time-related information. Specifically, is there a differ-

ence in dopamine response between a cue that always follows

the previous reward with a short delay (short wait cue) and a

cue that always follows the previous reward with a long delay

(long wait cue)?

We performed voltammetry recordings of dopamine release in

the nucleus accumbens (NAc) core during Pavlovian condition-

ing paradigms in which distinct cues solely conveyed differences

in the time elapsed since the previous reward (wait time) because

the reward size, reward probability, and delay to reward delivery

were identical between the cues. As such, we could determine

whether cue-evoked dopamine release encodes prospective

reward-related information exclusively, sunk costs, or the

reward rate. For example, if cue-evoked dopamine release

only conveys prospective information, then there would be no

difference in the dopamine response between short wait and

long wait cues because both cues denote the delivery of an iden-

tical reward. If cue-evoked dopamine release signals sunk costs,

then we would expect a larger dopamine response to the long

wait cue. In support, reward-evoked dopamine neuron firing

and release are enhanced following longer delays (Fiorillo

et al., 2008; Wanat et al., 2010). Therefore, a cue paired with a

reward delivered after long delays could evoke a greater dopa-

mine response relative to a cue paired with a reward delivered

after short delays. Finally, if cue-evoked dopamine release

signals the reward rate, then we would expect a larger dopamine

response to the short wait cue because the short temporal inter-

val from the previous trial results in a higher rate of reward.

RESULTS

Cue-Evoked Dopamine Release Encodes Wait Time
Voltammetry recordings of dopamine levels in the NAc core were

performed on rats trained on Pavlovian conditioning paradigms

where distinct audio conditioned stimuli (CSs) solely signaled

the time elapsed since the previous reward (Figure 1A). In short

wait trials, the CS was presented 15–25 s following the previous

reward delivery. In long wait trials, the CSwas presented 65–75 s
ports 20, 1765–1774, August 22, 2017 ª 2017 The Author(s). 1765
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Figure 1. CS-Evoked Dopamine Release Encodes Wait Time

(A) Illustration of the intermixed training paradigmusing distinct audio CSs for the different trial types. Short and longwait trials were presented in a pseudorandom

pattern.

(B) Representative color plots and dopamine current in a short wait (left) and long wait trial (right). Voltammetry recordings of dopamine release in the NAc core

were performed in well-trained rats (>24 sessions).

(C) Wait time dopamine response prior to the CS presentation.

(D) CS dopamine response normalized to pre-CS levels (*p < 0.05, paired t test).

(E) Hazard rate prediction of CS dopamine response as a function of wait time duration.

(F) CS dopamine response normalized to pre-CS levels as a function of wait time duration (**p < 0.01, effect of trial type).

(G) CS dopamine response normalized to trial start as a function of wait time duration (***p < 0.001, effect of trial type).

Data are represented as mean ± SEM.
following the previous reward delivery. Therefore, the short

wait CS and the long wait CS signal the identical prospective

reward-related information (same reward size, probability, and

delay to reward delivery) but differ in the retrospective temporal

information that is conveyed (time elapsed since the previous

reward).
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Dopamine levels were examined in rats trained to experience

both short and longwait trials together in the same context (inter-

mixed training). Intermixed training sessions were comprised of

25 short wait and 25 long wait trials presented in a pseudo-

random pattern so that the identity of the upcoming trial could

not be predicted (Figure 1A). Our results illustrate two



components of the dopamine response: a decrease in dopamine

levels throughout the wait time and an increase in dopamine

release to the CS (Figures 1B–1D).Wait time dopamine levels de-

cayed according to an exponential function for the first 15 s (prior

to the first possible CS presentation) and by a linear function

thereafter in long wait trials (Figure 1C; Figure S1). This reduction

in wait time dopamine levels is consistent with the time-depen-

dent decrease in dopamine neuron firing prior to the presentation

of a CS (Bromberg-Martin et al., 2010; Pasquereau and Turner,

2015) as well as with the cumulative decrease in NAc dopamine

levels observed across trials and throughout behavioral sessions

(Bassareo et al., 2015; Oleson et al., 2014). Inhibiting dopamine

neuron activity accelerates the subjective estimate of elapsed

time (Soares et al., 2016), which suggests the decrease in wait

time dopamine levels could signal the passage of time.

To quantify the CS dopamine response while accounting for

differences in wait time dopamine levels, we calculated the

average dopamine response during the 5 s CS relative to the

average dopamine response during the preceding 5 s. The short

wait CS elicited a greater dopamine response relative to the long

wait CS (paired t test: t9 = 3.1, p = 0.013, n = 10 electrodes; Fig-

ure 1D), consistent with the interpretation that CS-evoked dopa-

mine release signals retrospective temporal information to

reflect the relative reward rate.

Although these results suggest that dopamine encodes wait

time, an alternative possibility is that the CS dopamine response

reflects the hazard rate or rather the likelihood that a CS will be

presented as a function of time. If the dopamine response

were driven by the hazard rate, CS-evoked dopamine release

should decrease with longer wait times because the presenta-

tion of the CS becomes more expected (Figure 1E). However,

there was no systematic change in CS-evoked dopamine levels

with increasing wait times during short wait trials (15 to 25 s wait

time; r2 = 0.00, p = 0.79) or long wait trials (65 to 75 s wait time;

r2 = 0.00, p = 0.92; two-way repeatedmeasures ANOVA: effect of

trial type, F(1,27) = 12.8, p = 0.0013; Figure 1F). Because the CS

dopamine response is superimposed upon changes in wait

time dopamine levels, we additionally examined whether the

CS dopamine response reflected the hazard rate when calcu-

lated as a difference relative to the trial start. However, there

was no relationship between the wait time duration and the CS

dopamine response calculated in this manner (short wait trials:

r2 = 0.00, p = 0.70; long wait trials: r2 = 0.02, p = 0.42; two-way

repeated measures ANOVA: effect of trial type, F(1,27) = 129.5,

p < 0.0001; Figure 1G).

Although CS-evoked dopamine release does not reflect

changes in the hazard rate in 5 s increments, the difference in

the dopamine response between short and long wait CSs could

be mediated by changes in the hazard rate over longer time pe-

riods (>40 s). To address this possibility, a cohort of rats were

trained in an identical manner except that the same CS was

used for both short and long wait trials (intermixed training-

same CS; Figure 2A). Observing a difference between trial types

with this training paradigm would indicate that the CS dopamine

response is driven by the hazard rate since the CS does not

provide explicit information about the wait time. Rats trained

on the intermixed-same CS paradigm exhibited a decrease in

wait time dopamine levels that decayed by an exponential func-
tion for the first 15 s and by a linear function thereafter (Figure 2B;

Figure S1). However, there was no difference in dopamine

response between short wait and long wait trials when the

same CS was used for both trial types (paired t test, t6 = 1.2,

p = 0.29, n = 7 electrodes; Figure 2C). Furthermore, the CS-e-

voked dopamine response for each trial type did not reflect

changes in the hazard rate (Figure 2D), as increasing wait

times were not associated with a reduction in CS dopamine

response, calculated as a difference relative to pre-CS dopa-

mine levels (short wait trials: r2 = 0.07, p = 0.23; long wait trials:

r2 = 0.00, p = 0.81; Figure 2E) or to dopamine levels at the trial

start (short wait trials: r2 = 0.03, p = 0.46; long wait trials:

r2 = 0.03, p = 0.44; two-way repeated measures ANOVA: effect

of trial type, F(1,18) = 45.6, p < 0.0001; Figure 2F). These results

demonstrate that the CS dopamine response is not driven by

changes in the hazard rate but rather encodes retrospective

temporal information to relay the relative reward rate.

Dopamine EncodesWait Time in a Context-Independent
Manner
For dopamine to accurately assign reward-related information to

a particular cue, the dopamine system must be able to differen-

tiate between cues that have never been experienced together in

the same context. To determine whether CS-evoked dopamine

release encodes wait time in a context-independent manner, a

cohort of rats was trained to experience short wait trials and

long wait trials in separate sessions, with voltammetry record-

ings for each session performed on different days (separate

training; Figure 3A). As with the intermixed paradigms, dopamine

levels decayed throughout the wait time in rats trained with the

separate paradigm (Figure 3B; Figure S1). Furthermore, the short

wait CS elicited a greater dopamine response relative to the long

wait CS, demonstrating that dopamine encodes wait time in a

context-independent manner (paired t test: separate, t12 = 2.4,

p = 0.031, n = 13 electrodes; Figures 3B and 3C). The magnitude

of the CS dopamine response differed across the Pavlovian

training paradigms (two-way repeated measures ANOVA: effect

of training paradigm F(2,28) = 4.0, p = 0.030; effect of trial type

F(1,28) = 11.3, p = 0.0024; Figure 3D), with greater dopamine

release observed during sessions where two distinct CSs were

presented (post hoc Tukey’s test: intermixed versus separate

training sessions t28 = 2.8, p = 0.028). There was no difference

in the histological location or characteristics of the voltammetry

electrodes between the groups (Figure S2), illustrating that the

magnitude of CS dopamine response relates to the context in

which the CS is experienced.

Cue-Evoked Dopamine Release and Conditioned
Responding
To assess the relationship between behavior and CS-evoked

dopamine release, we quantified conditioned responding in an

identical manner to the analysis for the CS dopamine response.

Specifically, conditioned responding was calculated as the rate

of head entries into the food port during the 5 s CS relative to

the preceding 5 s. Although conditioned responding increased

across training sessions (Figure S2), there was no difference in

the level of responding between short and long wait trials in

rats trained under the intermixed, separate, or intermixed-same
Cell Reports 20, 1765–1774, August 22, 2017 1767
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Figure 2. CS-Evoked Dopamine Release Is Not Reflecting Temporal Expectancy

(A) Illustration of the intermixed-same CS training paradigm using the same CS for both trial types. Short and long wait trials were presented in a pseudorandom

pattern.

(B) Wait time dopamine response prior to the CS presentation.

(C) CS dopamine response normalized to pre-CS levels.

(D) Hazard rate prediction of CS dopamine response as a function of wait time duration.

(E) CS dopamine response normalized to pre-CS levels as a function of wait time duration.

(F) CS dopamine response normalized to trial start as a function of wait time duration (***p < 0.001, effect of trial type).

Data are represented as mean ± SEM.
CS paradigms (two-way repeated-measures ANOVA: effect of

training paradigm F(2,20) = 2.2, p = 0.14; effect of trial type

F(1,20) = 0.04, p = 0.85; intermixed: paired t test, t6 = 1.0,

p = 0.36, n = 7 rats; separate: paired t test, t9 = 0.7, p = 0.53,

n = 10 rats; intermixed-same CS: Wilcoxon matched pairs,

z = 0.1, p = 0.09, n = 6 rats; Figure 3E). Thus, a difference in dopa-

mine release between cues does not translate into a correspond-

ing difference in conditioned responding.

Activating dopamine neurons during the presentation of a

reward-predictive cue can subsequently alter cue-based actions

(Hamid et al., 2016; Steinberg et al., 2013). Therefore, a change in

dopamine release toaparticular cue couldmediate acorrespond-

ing change in behavior toward that cue. To address this possibil-

ity,wecapitalizedon theability of thedopaminesystem toalter the

magnitude of the cue-evoked dopamine response depending

upon the context in which the cue was experienced (Cone et al.,

2016; Papageorgiou et al., 2016). Rats were initially exposed to

short wait trials and long wait trials in separate contexts (separate

training) before experiencing both trial types within the same

context (intermixed training; Figure 4A). Switching rats from the

separate to the intermixed trainingparadigmselectivelyenhanced

dopamine release to the short wait CS (paired t test, t11 = 5.0,

p = 0.0004) without affecting dopamine release to the long wait
1768 Cell Reports 20, 1765–1774, August 22, 2017
CS (paired t test, t11 = 1.0, p = 0.32, n = 12 electrodes; Figures

4B–4D). A second intermixed session resulted in no additional

change in CS-evoked dopamine release (paired t tests: short

wait CS, t11 = 1.2, p = 0.24; long wait CS, t11 = 1.3, p = 0.23;

Figure 4E). Furthermore, Pavlovian responding mirrored changes

in the CS-evoked dopamine response as conditioned responding

to the short wait CS was enhanced during the first intermixed

session relative to the preceding separate training sessions

(paired t tests: short wait CS, t8 = 2.4, p = 0.04; long wait CS,

t8 = 1.6, p = 0.14), with no further change in responding during

the second intermixed session (paired t tests: short wait CS,

t8 = 0.7, p = 0.53; long wait CS, t8 = 1.9, p = 0.10; n = 9 rats;

Figures 4F and 4G). Collectively, these results illustrate that

conditioned responding is not related to a difference in the

dopamine response between cues but rather related to when

the dopamine response toward a specific cue changes.

Trial History Influences the Dopamine Response to the
CS and Wait Time in Opposing Directions
The selective increase in dopamine release to the short wait CS

during the first intermixed training session could be mediated by

the recent trial history coupled with the novel context of experi-

encing both trial types together within the same session (Cone
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(E) Conditioned responding across the different training paradigms.

Data are represented as mean ± SEM.
et al., 2016; Nakahara et al., 2004; Papageorgiou et al., 2016). To

assess the influence of trial history on CS dopamine release, we

performed a multiple linear regression analysis with the current

trial and four previous trials as independent variables and dopa-

mine release in the current trial as the dependent variable

(n = 624 trials). This analysis identified the current trial and the

preceding trial as the only significant factors contributing to the

observed CS dopamine response (F(5,592) = 16.0, p < 0.001,

r2 = 0.11; best fit equation: dopamine (nanomolar) = 6.35 –

0.12 3 [current trial wait time] + 0.033 3 [previous trial wait

time]). In particular, dopamine release to the short wait CS was

greater when preceded by a long wait trial (long wait / short

wait) than when preceded by a short wait trial (short wait/ short

wait) (paired t test, t12 = 2.9, p = 0.0124, n = 13 electrodes;

Figure 5A). Although the preceding trial influences the CS dopa-

mine response during the first intermixed training session, this

effect was absent in a subsequent training session and in rats

exclusively trained using the intermixed paradigm (Figure S3).
Additionally, the dopamine response to the short wait CS was

greater when experienced during intermixed training sessions

relative to the separate training sessions (Figure 4; Figure S3).

These results illustrate that the dopamine response to the short

wait CS is influenced by the identity of preceding trial as well

as by the context in which the CS is experienced. To evaluate

the relationship between the change in CS dopamine release

and conditioned responding, trials were binned according to

the wait time duration in the current trial as a function of the pre-

ceding trial (short wait or long wait) and the training context

(separate or first intermixed). Conditioned responding correlated

with dopamine release to the short wait CS (r2 = 0.79, p = 0.001;

Figure 5B) and not to the long wait CS (r2 = 0.01, p = 0.86),

demonstrating that an increase in CS-evoked dopamine release

is related to a corresponding elevation in CS-evoked behavior.

An observed increase in dopamine release can be mediated

by a reduction in baseline dopamine levels (Hamid et al.,

2016). Therefore, the influence of the preceding trial on the CS
Cell Reports 20, 1765–1774, August 22, 2017 1769
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(G) No change in conditioned responding between the first and second intermixed training sessions.

Data are represented as mean ± SEM.
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Figure 5. The Preceding Trial Influences CS-Evoked Dopamine Release and Wait Time Dopamine Levels in Opposing Directions

(A) The identity of the preceding trial influenced the dopamine response to the short wait CS during the first intermixed training session (*p < 0.05, paired t test).

(B) Conditioned responding is related to a CS-specific change in dopamine release.

(C) Average dopamine response during the current short wait trial (left) and the current long wait trial (right) as a function of the identity of the preceding trial.

(D) Wait time dopamine response in 2.5 s bins. The gray overlay denotes a temporal window where the identity of the current trial is unknown. The blue overlay

denotes a temporal window experienced only during long wait trials. The previous trial influences themagnitude of the wait dopamine response when the identity

of the current trial is unknown (*p < 0.05, ***p < 0.001; effect of previous trial).

(E) Head entries during the wait time in 2.5 s bins. The previous trial influences the number of head entries during the period of time only experienced during long

wait trials (*p < 0.05, effect of previous trial).

Data are represented as mean ± SEM.
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dopamine response could be driven by a change in wait time

dopamine levels and/or a change in the CS-evoked dopamine

response. To address this, we examined how the preceding trial

influenced wait time dopamine levels in the current trial, focusing

on two phases of thewait time: the early phase, when the identity

of the current trial was unknown (gray overlay, Figure 5), and the

late phase, which was experienced only during long wait trials

(blue overlay, Figure 5). During the first intermixed session,

wait time dopamine levels during the early phase were reduced

when the preceding trial was a short wait trial (current short wait

trial: two-way repeated measures ANOVA, effect of time F(5,60) =

30.2, p < 0.0001, effect of previous trial F(1,12) = 22.5, p = 0.0005;

current long wait trial: two-way repeated measures ANOVA,

effect of time F(5,60) = 23.1, p < 0.0001, effect of previous trial

F(1,12) = 9.1, p = 0.01; n = 13 electrodes; gray overlay, Figures

5C and 5D; Figure S4). In contrast, the previous trial did not affect

the dopamine response during the late phase of the wait time

(two-way repeated measures ANOVA; effect of time F(14,168) =

16.1, p < 0.0001; effect of previous trial F(1,12) = 0.0, p = 0.90;

blue overlay, Figure 5D).

These results demonstrate that the preceding trial influences

wait time dopamine levels and CS dopamine release in opposing

directions. For example, during the first intermixed session there

was a larger dopamine response to the short wait CS when

preceded by a long wait trial (long wait/ short wait; Figure 5A).

If this effect were mediated by a selective change in wait time

dopamine levels, then we would anticipate wait time dopamine

levels would be lower on long wait / short wait trials relative

to short wait / short wait trials. However, we observed the

opposite result because wait time dopamine levels were higher

on long wait / short wait trials (Figures 5C and 5D), illustrating

that wait time dopamine levels and CS-evoked dopamine

release are independent processes.

Silencing midbrain dopamine neurons accelerates the estima-

tion of elapsed time (Soares et al., 2016). Therefore, a greater

reduction in wait time dopamine levels could similarly reflect an

accelerated subjective perception of time, altering behavioral

responding. Although the preceding trial influenced dopamine

levels during the early phase of the wait time (Figure 5D), there

was no effect on the number of head entries during this temporal

window (current short wait trial: two-way repeated measures

ANOVA, effect of time F(5,45) = 36.9, p < 0.0001, effect of previous

trial F(1,9) = 1.3, p = 0.28; current long wait trial: two-way repeated

measures ANOVA, effect of time F(5,45) = 21.2, p < 0.0001, effect

of previous trial F(1,9) = 3.0, p = 0.11; n = 10 rats; gray overlay, Fig-

ure 5E). In contrast, rats performed more head entries during the

late phase of the wait time in trials that were preceded by a short

wait trial (two-way repeated measures ANOVA, effect of time

F(14,126) = 3.7, p < 0.0001, effect of previous trial F(1,9) = 8.3,

p = 0.0183; blue overlay, Figure 5C). These results suggest

that a greater reduction in dopamine levels during the early

phase of the wait time could promote an increase in anticipatory

responding during the late phase of the wait time. Notably, the

influence of the preceding trial on wait time dopamine levels

and behavioral responding was evident only during the first inter-

mixed session (Figure 5) andwas absent in a subsequent training

session or in rats exclusively trained on the intermixed paradigm

(Figure S5). Therefore, the recent trial history influences wait time
1772 Cell Reports 20, 1765–1774, August 22, 2017
dopamine levels and CS dopamine release only when the

training context changes.

DISCUSSION

To determine whether cue-evoked dopamine release encodes

prospective reward-related information exclusively, sunk costs,

or the reward rate, we recorded dopamine transmission in

behavioral taskswhere distinct cues solely conveyed differences

in the time elapsed since the previous reward (wait time). Our

results demonstrate that cue-evoked dopamine release in the

NAc core encodes differences in the wait time to reflect the rela-

tive rate of reward in a context-independent manner. Theoretical

and experimental data highlight that tonic dopamine levels scale

with the reward rate (Hamid et al., 2016; Niv et al., 2007). Our

data complement these findings and illustrate that the phasic

dopamine response to cues also reflects a subjective assess-

ment of the rewards earned per time. This interpretation, that

cue-evoked dopamine release encodes the reward rate, is a uni-

fying principle that could account for the differential dopamine

responses observed in paradigms where cues signal different

reward sizes, reward probabilities, or delays in the time before

a reward is delivered (Day et al., 2010; Fiorillo et al., 2003,

2008; Gan et al., 2010; Hart et al., 2015; Roesch et al., 2007;

Tobler et al., 2005).

Increasing evidence illustrates that the midbrain dopamine

system is both sensitive to elapsed time and required for accu-

rate temporal discrimination. For example, the dopamine

response to cues can be influenced by the hazard rate, although

this has been observed over short timescales (<2 s) and in

response to cues functioning as a temporal discrimination signal

(Pasquereau and Turner, 2015; Soares et al., 2016). In contrast,

we found that, when cues encode the wait time, there was no

influence of the hazard rate on cue-evoked dopamine release.

Therefore, the influence of the hazard rate on cue-evoked dopa-

mine transmission likely depends on the duration of the temporal

interval as well as the information that is signaled by the cue.

Although midbrain dopamine neurons are required for accu-

rate temporal discrimination (Soares et al., 2016), elapsed

time is not necessarily reflected in the cue-evoked dopamine

response, which suggests that dopamine signals the passage

of time prior to when a cue is presented. Indeed, dopamine

neuron firing decreases prior to the presentation of reward-pre-

dictive cues (Bromberg-Martin et al., 2010; Pasquereau and

Turner, 2015), and dopamine levels decrease throughout the

wait time in all variants of the Pavlovian conditioned paradigm

we examined. Because inhibiting dopamine neuron activity

accelerates the subjective estimate of elapsed time (Soares

et al., 2016), a decrease inwait timedopamine levels could signify

the passage of time. In support of this, a greater reduction in

dopamine levels during the early phaseof thewait timewas asso-

ciated with a subsequent increase in anticipatory head entries.

The dopamine response to a cue is thought to represent the

incentive salience toward the cue, thereby influencing cue-

driven behaviors (Berridge and Robinson, 1998). Activating

dopamine neurons during the cue presentation can subse-

quently alter behavioral outcomes (Hamid et al., 2016; Steinberg

et al., 2013). Similarly, we found that an increase in cue-evoked



dopamine release was related to an increase in conditioned

responding. This change in the cue-evoked dopamine response

occurred without increasing the reward size and was driven by

the recent trial history as well as by altering the context in which

the cue was experienced. Furthermore, the noted differences

in the magnitude of cue-evoked dopamine release across the

different Pavlovian conditioning paradigms illustrate that the

parameters of a particular task can heavily influence the level

of engagement by the dopamine system in response to

reward-predictive cues (Clark et al., 2013; Flagel et al., 2011).

Although the dopamine response between cues is often

related to behavioral outcomes, dopamine is not always suffi-

cient for mediating cue-elicited actions (Gan et al., 2010; Hollon

et al., 2014; Roesch et al., 2007). Our results illustrate that the

difference in dopamine release between short and long wait

cues was not related to a difference in Pavlovian conditioned

responding. However, it is possible that the dopamine response

between cues is critical for mediating a differential behavioral

responding in operant assays. Ultimately, the manner by which

increases and decreases in dopamine levels influence behavior

depends on the local circuit in which dopamine acts. Projections

to the NAc from the prefrontal cortex and amygdala are also

involved in behavioral responding to cues (Ambroggi et al.,

2008; Otis et al., 2017). Therefore, the capacity for NAc dopa-

mine to influence behavior during the wait time or the cue likely

depends upon coincident input from specific projections to the

NAc and the net effect of these converging inputs on medium

spiny neurons.

Our data highlight that elapsed time is encoded by the dopa-

mine response to cues. Although cue-evoked dopamine release

conveys a future estimate of reward value, our findings demon-

strate that dopamine also signals retrospective temporal infor-

mation. As such, the cue-evoked dopamine response can reflect

an integration of both retrospective and prospective reward-

related information to signal the reward rate.

EXPERIMENTAL PROCEDURES

Subjects and Surgery

All procedures were approved by the Institutional Animal Care and Use

Committee at the University of Washington and the University of Texas at

San Antonio. Male Sprague-Dawley rats were pair-housed upon arrival, main-

tained on a 12-hr light/dark cycle, and given ad libitum access to water and lab

chow. Surgeries were performed under isoflurane on rats weighing 300–350 g

(�9–12 weeks old), after which rats were single-housed. Carbon fiber

electrodes targeting the NAc core (relative to the bregma: 1.3 mm

anterior; ± 1.3 mm lateral; 7.0 mm ventral) and a Ag/AgCl reference electrode

were implanted for voltammetry recordings.

Behavioral Procedures

All procedures were performed during the light cycle. After >1 week of recov-

ery from surgery, rats were placed and maintained on mild food restriction

(�15 g/day standard lab chow) to target 90% free-feeding weight, allowing

for an increase in weight of 1.5% per week. Prior to Pavlovian conditioning,

rats underwent a magazine training session where 20 food pellets (45 mg,

Bio-Serve) were delivered with a 90 s inter-trial interval (ITI). Pavlovian

sessions consisted of 50 trials where the termination of a 5 s audio CS (tone

or white noise, counterbalanced across animals) resulted in the delivery of a

single food pellet and illumination of the food port light for 4.5 s. The short

wait CS was presented after a 20 ± 5 s ITI, and the long wait CS was presented

after a 70 ± 5 s ITI. Pavlovian sessions using the intermixed or intermixed-same
CS paradigm consisted of 25 short wait and 25 long wait trials, presented in a

pseudorandom pattern. The separate training paradigm involved 50 trial

sessions where only a single trial type was presented, with the order of short

and long wait sessions occurring in a pseudorandom pattern. Rats either

received 30 sessions of intermixed training or 28 sessions of separate training

followed by 2 sessions of intermixed training. Voltammetry recordings were

performed during sessions 25–30 (one session per day) after rats established

stable conditioned responding (Figure S2).

Voltammetry Recordings

Chronically implanted electrodes were connected to a head-mounted voltam-

metric amplifier for dopamine detection in behaving rats using fast-scan cyclic

voltammetry as described previously (Clark et al., 2010; Wanat et al., 2010,

2013). Chemical verification of dopamine was achieved by obtaining a high

correlation of the cyclic voltammogram during a reward-related event to that

of a dopamine standard (r2 R 0.75). The voltammetry data and corresponding

behavioral data for a session were not analyzed when the detected voltamme-

try signal did not satisfy the chemical verification criteria, identical to the exclu-

sion criteria used in prior studies (Wanat et al., 2010, 2013). The characteristics

of the electrode background current were not different between experimental

groups (Figure S2).

Data Analysis

Dopamine was isolated from the voltammetric signal using chemometric anal-

ysis (Heien et al., 2005), with a standard training set of stimulated dopamine

release detected by chronically implanted electrodes, as has been used in

previous studies (Wanat et al., 2010, 2013). The dopamine concentration

was estimated based on the average post-implantation sensitivity of elec-

trodes (34 nA/mM) (Clark et al., 2010). The CS dopamine response was quan-

tified by calculating the average dopamine response during the 5 s CS relative

to the average dopamine response during the preceding 5 s or dopamine

levels at the trial start. Pavlovian conditioned responding was calculated as

the difference in the rate of head entries to the food port during the 5 s CS

minus the head entry rate during the preceding 5 s. The multiple linear regres-

sion analysis used the entry method with CS-evoked dopamine release as the

dependent variable and the wait time duration in the current and four preced-

ing trials as independent variables. The number of animals/electrodes used

per experiment was determined by a power analysis with an alpha level of

0.05 and power level of 0.8, using the effect size and variance estimated

from preliminary data. Normality was assessed using the Kolmogorov-Smir-

nov test. When data failed this test, nonparametric statistical tests were per-

formed. Significant effects were determined by Student’s t tests, Wilcoxon

rank-sum tests, ANOVAs, and linear regression analyses, with appropriate

adjustments for differences in sphericity. Data were analyzed using MATLAB,

Prism, and SPSS. All relevant data are available from the authors.
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