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Contributions of Pavlovian 
incentive motivation to cue-
potentiated feeding
Andrew T. Marshall  , Briac Halbout, Angela T. Liu & Sean B. Ostlund

Cues signaling the availability of palatable food acquire the ability to potentiate food seeking 
and consumption. The current study employed a combination of behavioral, pharmacological, 
and analytical techniques to probe the role of Pavlovian incentive motivation in cue-potentiated 
feeding. We show that a cue paired with sucrose solution (CS+) can transfer its control over feeding 
to stimulate sucrose consumption at a new receptacle, and that this effect depends on activation of 
D1 dopamine receptors, which is known to modulate other forms of cue-motivated behavior but not 
taste palatability. Microstructural analyses of sucrose-licking behavior revealed that the CS+ tended 
to increase the frequency with which rats engaged in active bouts of licking behavior without having 
a reliable effect on the duration of those licking bouts, a measure that was instead associated with 
sucrose palatability. Furthermore, we found that individual differences in CS+ elicited increases in bout 
frequency were associated with total sucrose intake at test, supporting the view that this process was 
related to meaningful dysregulation of eating behavior. The current study, therefore, (1) demonstrates 
that a dopamine-dependent Pavlovian incentive motivational process can mediate cue-potentiated 
feeding, and (2) lays out an experimental and analytical approach for parsing this aspect of behavior.

Environmental cues that signal the availability of palatable foods can trigger powerful food cravings1–3 and pro-
mote eating in the absence of hunger, an effect observed in rodents4,5 and humans6–9. This behavioral influence, 
which is believed to play an important role in overeating and obesity10–13, can be studied using the cue-potentiated 
feeding (CPF) task. In a typical CPF study, hungry animals undergo Pavlovian conditioning consisting of repeated 
pairings between a conditioned stimulus (CS+; e.g., an auditory tone) and a small quantity of a palatable food 
or fluid, such as sucrose solution, which they consume from a cup located in a fixed position in the experimen-
tal chamber. Next, they are given unrestricted access to their maintenance chow to ensure that they are fully 
sated prior to testing. Animals are then returned to the chamber and allowed to freely consume sucrose from 
the cup while the CS+ is intermittently presented in a noncontingent manner. Under such conditions, animals 
exhibit a pronounced elevation in food consumption during test sessions with the CS+ relative to sessions with 
an unpaired stimulus (CS−).

While such findings indicate that external cues can act independently of physiological hunger to pro-
mote feeding, the psychological processes underlying this effect are not firmly established. One possibility is 
that cues associated with palatable food consumption acquire reflexive or habitual control over feeding (i.e., 
stimulus-response based). If this is the primary mechanism mediating CPF, then the CS+ should stimulate con-
sumption by eliciting the specific feeding behaviors that were established during Pavlovian conditioning. This 
response learning view is plausible when the source of food is fixed across training and testing, as in the example 
described above. Although this scenario applies to most demonstrations of CPF, there have also been reports that 
food-associated cues can trigger feeding at new locations14–16, indicating that they can control feeding indirectly. 
One possible explanation is that such cues potentiate feeding through the same Pavlovian incentive motivational 
process that allows them to elicit and invigorate instrumental food-seeking behaviors17,18. This motivational view 
predicts that the CS+ triggers an urge to search for food, which would also lead to feeding when food is readily 
available. Alternatively, given evidence that signals for palatable food can enhance hedonic evaluation of taste 
stimuli19–21, it is possible that cues potentiate feeding in part by making food more palatable. While this hedonic 
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view is mechanistically distinct from the motivational view, these accounts are not mutually exclusive and may 
explain different aspects of CPF10,22.

One way to distinguish between the motivational and hedonic accounts of CPF is to determine how 
food-paired cues influence the microstructure of feeding. When rodents are allowed to freely consume sucrose 
solution or other palatable fluids, they engage in licking bouts of varying durations that are separated by periods 
of inactivity. Whereas the average duration of these licking bouts provides a reliable and selective measure of fluid 
palatability23,24, it is believed that the frequency of these bouts is controlled by motivational processes25–28. Thus, 
if the CS+ stimulates feeding by enhancing sucrose palatability, then that cue should increase the duration, but 
not necessarily the frequency, of licking bouts. In contrast, the motivational view predicts that the CS+ should 
trigger sucrose seeking and consumption even when animals are preoccupied with other activities, leading to 
more frequent, but not necessarily longer, bouts of licking.

The current study investigated the effects of CS+ delivery on sucrose licking microstructure using two CPF 
protocols, one in which sucrose was always available at the same location (Experiment 1), and one in which 
the source was changed across training and testing (Experiments 2 and 3), allowing us to evaluate the indi-
rect influence of the CS+ . Our approach for assessing this response-independent (generalized) influence of 
food-paired cues on feeding was modeled after the Pavlovian-to-instrumental transfer (PIT) task, which is widely 
used to study the incentive motivational impact of reward-paired cues on reward-seeking behavior18,29,30. We also 
adopted Pavlovian conditioning and testing parameters commonly used in PIT studies to facilitate comparison 
with that literature. Given that dopamine D1 receptor activity is crucial for expression of PIT and other measures 
of cue-motivated behavior31–33 but is relatively unimportant for hedonic aspects of feeding behavior25,28,34, we also 
assessed the impact of D1 receptor blockade on cue-potentiated sucrose licking (Experiment 3) as a further probe 
of the role of motivation in this effect. Finally, we analyzed the microstructure of sucrose licking data from these 
experiments to test whether CPF was selectively associated with increases in either the frequency or duration of 
bouts of sucrose licking, as would be predicted by the motivational and hedonic views of CPF, respectively.

Results
Cue-potentiated feeding with a cue that signals the food source. In our first experiment, we 
applied a conventional response-congruent CPF design, in which the specific responses required to consume 
sucrose were the same across training and testing phases. Hungry rats were given 10 d of Pavlovian conditioning 
to establish the CS+ as a cue for sucrose availability at a food cup on one side of the chamber. By the last day of 
conditioning, cup entries (±between-subjects SEM) were significantly higher during the CS+ (23.72 ± 2.79 per 
minute) versus the inter-trial interval [18.27 ± 3.25 per minute; paired-samples t-test, t(15) = 3.13, p = 0.007]. 
Cup entries during the CS− (8.60 ± 1.91 per minute) did not significantly differ from the inter-trial interval 
[10.69 ± 2.00 per minute; paired-samples t-test, t(15) =−1.60, p = 0.130].

Rats were then given two CPF tests in a food-sated state to characterize the effects of the CS+ on sucrose 
licking. In each test, rats had free access to 2% or 20% sucrose solution, allowing us to assess the influence of 
sucrose palatability on CPF. Figure 1a shows the total number of licks observed during CS trials as a function of 
CS period, CS type, and sucrose concentration. Data were analyzed using generalized linear mixed effects models 
(Supplementary Table S1). Importantly, there was a significant CS Period × CS Type interaction, t(116) = 12.70, 
p < 0.001. Further analysis (collapsing across concentration) revealed a significant increase for CS+ trials, 
p < 0.001, but not CS− trials, p = 0.118, indicating that the CS+ was more effective than the CS− in increasing 
sucrose licking, relative to pre-CS levels. Our analysis also found that this cue-selectivity was significantly influ-
enced by sucrose concentration (3-way interaction, p < 0.001). Specifically, although the CS+ was highly effective 
in elevating sucrose licking in both 2% and 20% conditions, ps < 0.001, the CS− did not significantly affect lick 
rates in the 2% test, p = 0.309, but provoked a modest but significant increase in the 20% test, p = 0.039. Thus, 
although the food-paired cue was generally more effective in controlling feeding, the unpaired cue seemed to 
exert a similar influence when rats were allowed to consume a highly palatable sucrose solution at test.

Transfer of cue-potentiated feeding to a new food source. Because sucrose was made available at 
the same source during training and testing in Experiment 1, it is unclear whether the observed CPF effect was 
dependent on the ability of the CS+ to (1) motivate rats to seek out and consume sucrose or (2) directly elicit 
a specific conditioned reflex, or habit. Experiment 2 focused more squarely on the former hypothesis by testing 
whether a CS+ associated with delivery of sucrose into a food cup could motivate sucrose licking from a spout on 
the opposite side of the chamber at test, comparable to behavioral phenomena observed in PIT.

Rats were trained with the same Pavlovian conditioning procedure used in Experiment 1, resulting in 
cue-specific anticipatory approach behavior by the last day of Pavlovian conditioning. Food cup approaches (± 
between-subjects SEM) were greater during the CS+ (18.71 ± 1.73 per minute) relative to the inter-trial interval 
[12.49 ± 0.98 per minute; paired-samples t-test, t(15) = 3.02, p = 0.009]. There were no significant differences 
between the CS− (9.41 ± 0.98 per minute) and the inter-trial interval [8.44 ± 0.88 per minute; paired-samples 
t-test, t(15) = 0.98, p = 0.341].

Given that the effects of the CS+ on sucrose licking in Experiment 1 were somewhat more apparent when 
rats were tested with 2% sucrose, our initial testing with sucrose available at a new source (spout, with food cup 
covered by an opaque panel – See Methods) focused on this condition. However, in this test, sucrose licking did 
not significantly differ between CS+ (328.1 ± 84.8 licks) and pre-CS+ periods [245.6 ± 45.9 licks; paired-samples 
t-test, t(15) = 1.07, p = 0.300]. To further discourage response competition and strengthen sucrose drinking from 
the spout, rats were given 5 additional sessions of training to lick from the spout for 20% sucrose under food 
deprivation in the absence of the CSs. Rats were then fully sated on home chow and administered two CPF tests 
with sucrose available at the metal spout. During tests, rats had continuous access to 2% or 20% sucrose solution 
in separate tests (within-subjects, order counterbalanced).
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Figure 1b shows that during this round of testing, the CS+ was effective in promoting sucrose drinking at 
the new location, even though that cue was never directly associated with this behavior. Mixed-effects model 
analysis (Supplementary Table S2) found a significant CS Type × CS Period interaction, t(120) = 15.16, p < 0.001, 

Figure 1. Total licking behavior. Results of Experiments 1–3 (a–c, respectively) assessing the impact of a 
sucrose-paired cue (CS+) and unpaired cue (CS−) on sucrose licking at (a) the same food cup used during 
Pavlovian conditioning, and (b,c) an apparatus (bottle) and location not used during Pavlovian conditioning. 
Data are displayed as a function of CS period (Pre, CS), CS type (+,−), and concentration (a,b) or drug (c). 
Error bars represent ±1 standard error of the estimated marginal means from the fitted generalized linear 
mixed-effects model.
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indicating that the CS+ was more effective in elevating sucrose licking over baseline levels (CS vs. pre-CS period, 
p < 0.001) than the CS− (CS vs. pre-CS period, p = 0.097), as in Experiment 1. Sucrose concentration did not 
significantly influence the cue-selectivity of this effect (3-way interaction, p = 0.319). Importantly, while lick rates 
appeared to be elevated during the pre-CS− relative to the pre-CS+ periods, paired-samples t-tests indicated that 
this difference was not statistically significant in the 2% condition, t(15) = 1.66, p = 0.118, or in the 20% condi-
tion, t(15) = 1.56, p = 0.139. This is to be expected given the pseudo-random trial structure used during training 
and testing, which prevents systematic (inter-trial) carryover effects and precludes anticipation of future trial type 
(or timing). It is also worth noting that these same animals showed similar CS+ specific elevations in licking in 
Experiment 3 when their pre-CS− and pre-CS+ lick rates were more comparable (see Fig. 1c, vehicle).

Dependence on D1-type dopamine receptors. The results of Experiment 2 indicate that the CS+ 
acquired the ability to potentiate sucrose consumption by triggering a feeding behavior that had never directly 
been associated with that cue, consistent with a PIT-like motivational influence. Given the importance of D1-type 
dopamine receptors in Pavlovian incentive motivation31–33, Experiment 3 examined whether blocking activity at 
these receptors would disrupt CPF expression. The same rats used in Experiment 2 were given a final pair of CPF 
tests (20% sucrose) after pretreatment with SCH-23390 (0.04 mg/kg), a selective D1 antagonist, or vehicle. Test 
results are shown in Fig. 1c (also Supplementary Table S3).

Analysis revealed a main effect of drug treatment, t(120) = −2.15, p = 0.034, in that sucrose licking was gen-
erally depressed by SCH-23390. Importantly, we found a significant Drug × CS Period × CS Type interaction, 
t(120) = −20.91, p < 0.001, indicating that SCH-23390 specifically disrupted the expression of CPF. Indeed, fur-
ther analysis revealed that while the CS+ significantly increased sucrose licking over pre-CS+ levels in the vehicle 
test, p < 0.001, there was no effect of the CS+ in the SCH-23390 test, p = 0.982. Similar to the cue generalization 
observed in Experiment 1, the CS− elicited marginally significant increases in sucrose licking in both drug con-
ditions, ps ≤ 0.049. Thus, D1-type dopamine receptor antagonism via SCH-23390 administration significantly 
impaired CS+ evoked feeding, consistent with an incentive motivational account of CPF.

Microstructural analysis of the effects of sucrose-paired cues and sucrose concentration on 
feeding. The results of Experiments 2 and 3 suggest that the novel PIT-like protocol used here supports an 
incentive motivational form of CPF, as the cues were able to motivate feeding behavior at a location separate from 
the food source signaled by the cue. To further test this account, we examined if the excitatory effects of the CS+ 
on sucrose drinking were related to a specific change in the microstructural organization of licking behavior. 
As described above, whereas licking bout duration varies with fluid palatability23,24, the frequency with which 
rats engage in new bouts of licking is thought to reflect a separate motivational process25–28. We varied sucrose 
concentration to manipulate its palatability, as in previous reports23,35. Although high and low sucrose concen-
trations also differ in caloric content, extensive research has shown that the bout duration measure is a sensitive 
and selective measure of the influence of orosensory reward and is dissociable from post-consummatory calorie 
processing35–38. Thus, a CS+ that induces incentive motivation should increase bout frequency, while a CS+ that 
increases intake by making sucrose more palatable should promote longer bout durations.

To ensure sufficient statistical power39, we collapsed data across all non-drug test conditions described above 
(2% and 20% tests for Experiment 1 and Experiment 2, and the vehicle condition for Experiment 3). The com-
bined data are shown in Fig. 2, plotted separately as total licks (a), bout frequency (b), and bout duration (c). 
Figure 2d shows raster plots of two representative rats’ licking behavior during pre-CS+ and CS+ periods when 
2% and 20% sucrose were available at test. In accordance with the motivational interpretation of CPF, these rats 
tended to engage in more bouts of sucrose licking during the CS+ than during the pre-CS+ period. In contrast, 
bout durations tended to be longer when the rats were consuming the more palatable 20% sucrose solution than 
when consuming 2% sucrose, an effect that was apparent during pre-CS+ and CS+ periods. Thus, bout duration 
was not strongly influenced by the sucrose-paired cue. Indeed, the patterns seen in Fig. 2d were corroborated by 
generalized linear mixed-effects models of the combined data set (see Fig. 2a–c and Supplementary Table S4). 
Secondary mixed-effects analyses revealed that the categorical factor of “Experiment” (1, 2, 3) did not signifi-
cantly moderate the CS Period × CS Type interactions on bout frequency or duration, ps ≥ 0.293, permitting us to 
combine these data for subsequent analyses. Interestingly, the ability of the CS+ to motivate licking behavior was 
also reflected in a significantly faster latency to initiate licking40–42 after CS+ vs. CS− onset [generalized linear 
mixed-effects model (response distribution = gamma, link function = log); t(306) = −2.71, p = 0.007], though the 
raw difference in latencies was relatively modest (CS+: 1.16 seconds ± 0.47; CS−: 2.79 seconds ± 0.79).

Mediational analysis of CS period effect. Given such findings, we performed a statistical mediation analysis43 on 
the combined data (Fig. 2) to determine if CS+ evoked sucrose drinking was preferentially related to changes in 
bout frequency or duration. Figure 3a shows the multiple mediation model structure for this analysis (CS Period). 
There was a significant overall effect (Total; c) of CS period on licking behavior, t(156) = 4.11, p < 0.001, c = 5.22 
[2.71, 7.73], in that there were more licks during the CS+ than the pre-CS+ period. We then tested whether the 
CS+ similarly influenced licking microstructure, and found a significant cue-induced elevation in bout frequency 
(M2), t(156) = 3.27, p = 0.001, a2 = 0.70 [0.28, 1.12], but not bout duration (M1), t(141) = 1.89, p = 0.061, a1 = 0.34 
[−0.02, 0.69]. Thus, at a group-level, the CS+ effect on bout frequency, but not bout duration, resembled its effect 
on licking more generally.

If the effect of the CS+ on licking was mediated by its effect on bout frequency, then (1) these measures 
should be correlated, and (2) the CS+ effect on bout frequency should account for the CS+ effect on the total 
licks measure. An assessment of the first prediction found that, ignoring CS period, both bout frequency and 
bout duration were significantly correlated with total licks, ps < 0.001, which is unsurprising given that these 
microstructural measures bear an intrinsic relationship with total licks. Our assessment of the second prediction, 
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however, was more revealing. We constructed a multiple mediation model to examine if these microstructural 
measures explained CS+ related variance in the total lick measure by including bout frequency and bout dura-
tion as fixed effects, along with CS period. In other words, we asked whether controlling for variance in these 
lick bout measures weakened the CS+ effect, relative to its strength in the simpler (reduced) model described 
above. Consistent with mediation, we found that this direct effect of CS period on licks (c’) was not significant, 
t(139) = 0.90, p = 0.370, c’ = 0.41 [−0.49, 1.30], when controlling for bout frequency and duration. We then esti-
mated the influence of CS+ on licking through each of these potential mediators, and found that there was a 
significant indirect effect of bout frequency on licks, a2b2 = 2.90 [1.18, 4.76], but not of bout duration, a1b1 = 1.71 
[−0.09, 3.35]. Thus, these data indicate that CS+ induced elevations in licking are primarily driven by increases 
in bout frequency as opposed to increases in bout duration, consistent with a motivational rather than a hedonic 
account of CPF.

Mediational analysis of sucrose concentration effect. We performed a second mediational analysis on the com-
bined data (Fig. 2) to confirm that sucrose palatability (concentration) was related to a selective increase in 
bout duration (Fig. 3b, Concentration). The simplified model (no fixed effects for bout frequency or duration) 
found that the total effect of concentration on total licks was not significant, t(156) = 0.42, p = 0.678, c = 0.57 
[−2.13, 3.27], indicating that overall levels of sucrose licking at test did not strongly depend on sucrose con-
centration. This is to be expected, since the effect of sucrose palatability on licking is most apparent during the 
initial 2–3 minutes of consumption44, well before the first pre-CS period in our test sessions. Nevertheless, sucrose 
concentration did have a significant effect on bout duration (M1), t(141) = 5.20, p < 0.001, a1 = 0.88 [0.54, 1.21], 
with 20% sucrose supporting longer bouts of drinking than 2% sucrose. Interestingly, sucrose concentration had 
a significant suppressive effect on bout frequency (M2), t(156) = −3.84, p < 0.001, a2 = −0.83 [−1.26, −0.40], in 
that rats tended to engage in fewer bouts when drinking a more palatable solution. Thus, concentration-related 
increases in bout duration were offset by decreases in bout frequency. Consistent with this, our full mediation 
model, which included fixed effects for bout duration and frequency, indicated no direct effect of concentration 
on licks, t(139) = 0.45, p = 0.650, c’ = 0.23 [−0.76, 1.22]. However, there were significant indirect, but opposite, 
effects of bout frequency, a2b2 = −3.49 [−5.50, −1.58], and bout duration, a1b1 = 4.46 [2.96, 5.95], on total licking 
behavior.

Figure 2. Microstructural components of licking behavior. Collapsed data from all non-drug conditions from 
Experiments 1–3 assessing the impact of a sucrose-paired cue (CS+) and unpaired cue (CS−) on sucrose 
consumption. These data represent the mean number of licks (a), bouts (b), and bout duration (c) as a function 
of CS period (Pre, CS), CS type (+,−), and drug. Error bars represent ±1 standard error of the estimated 
marginal means from a generalized linear mixed-effects model equivalent in structure to that used for overall 
lick analysis in Experiments 1–3. (d) Representative diagram of changes in bout frequency and duration as 
a function of CS period (pre-CS+ vs. CS+) and sucrose concentration (2% vs. 20%). Each line represents an 
individual licking bout. The temporal duration of that bout is represented by the length of that line. The running 
total of bouts in each period is indicated by the number above the individual bouts.



www.nature.com/scientificreports/

6SCIeNTIfIC REPORTS |  (2018) 8:2766  | DOI:10.1038/s41598-018-21046-0

Individual differences in the effect of CS period and concentration on licking microstructure. The mediation mod-
els revealed that bout frequency and duration play distinct roles in mediating the effects of the CS+ and sucrose 
concentration on licking at a group-level, but do not address how such effects are expressed across individual 
rats, which may be important to understanding individual vulnerabilities to overeating. Given the results of the 
mediation analysis, we predicted that individual rats would show a net increase in bout frequency during the CS+ 
period, relative to baseline, but would not show any consistent or reliable change in bout duration. Furthermore, 
individual rats were predicted to show longer, but less frequent, bouts of licking when consuming 20% sucrose, 
relative to the 2% test. Fig. 3c and d show individual differences in the effects of CS period (CS+ - pre-CS+) and 
sucrose concentration (20%–2%), respectively, on bout frequency and duration (analysis of combined data set in 
Fig. 2). The CS+ increased bout frequency in 67% of rats (Fig. 3c), with roughly equal numbers of these rats also 
showing an increase in bout duration (34%) or not (33%). A chi-squared goodness of fit test assuming uniformly 
distributed data points across the four quadrants revealed significant distributional asymmetry, χ2(3) = 10.91, 
p = 0.012. Indeed, the mean of the ΔFrequency distribution was significantly greater than 0, t(66) = 4.80, p < 0.001, 
while the mean of ΔDuration distribution did not significantly differ from 0, t(66) = 1.80, p = 0.076. With regard to 
the concentration effect (Fig. 3d), the majority of rats (58%) exhibited longer and less frequent bouts with 20% 
versus 2% sucrose, and a chi-squared goodness of fit test confirmed that the data were not uniformly distrib-
uted across quadrants, χ2(3) = 31.85, p < 0.001. Indeed, we found that the mean of the ΔFrequency distribution was 
significantly less than 0, t(51) = −4.22, p < 0.001, while the mean of the ΔDuration distribution was significantly 
greater than 0, t(51) = 4.18, p < 0.001.

Microstructural predictors of sucrose consumption. The data in Fig. 3c suggest that there was considerable varia-
bility in the effect of the CS+ on bout frequency, and that some rats were particularly sensitive to this motivational 
influence. Although it is possible that these rats were able to control their total sucrose intake by drinking less in 
the absence of the CS+, further analysis of the combined data set (Fig. 2) confirmed that these CS+ triggered 
increases in bout frequency were associated with overeating. Specifically, we found that rats who exhibited positive 
ΔFrequency scores during CS+ trials (subgroups Freq↑, Dur↓ and Freq↑, Dur↑ in Fig. 3C) consumed significantly 

Figure 3. Mediation of CPF by microstructural characteristics of licking behavior. (a) CS Period Model 
describing the effect of CS period on total licks with mediators of bout duration and bout frequency. (b) 
Concentration Model describing the effect of sucrose concentration on total licks with mediators of bout 
duration and bout frequency. (c) The change in bout frequency and bout duration from pre-CS+ to CS+ 
periods. (d) The change in bout frequency and bout duration from 2% to 20% sucrose concentration tests. (c,d) 
The frequency histogram above and to the right of each panel refers to the bout frequency and bout duration 
data, respectively. The pie chart reflects the proportion of data points in each quadrant of the Cartesian plane. 
Each quadrant of the scatter plot and segment of the pie chart are color coded to reflect whether bout frequency 
(Freq) and duration (Dur) increased (↑) or decreased (↓) as a function of CS period (a,c) and concentration 
(b,d). There was strong correspondence between the observed and expected number of data points in 
each quadrant across experiments based on the overall distribution data (CS Period: r = 0.91, p < 0.001; 
Concentration: r = 0.96, p < 0.001).



www.nature.com/scientificreports/

7SCIeNTIfIC REPORTS |  (2018) 8:2766  | DOI:10.1038/s41598-018-21046-0

more sucrose than rats who did not (subgroups Freq↓, Dur↓ and Freq↓, Dur↑), t(63) = 2.27, p = 0.026 (Fig. 4a). 
This relationship was maintained when ΔFrequency was treated as a continuous variable, t(63) = 2.19, p = 0.032 
(Fig. 4b), and did not depend on sucrose concentration, Concentration × ΔFrequency, t(63) = 0.64, p = 0.528.

Discussion
We found that a cue signaling sucrose availability was able to potentiate sucrose intake in rats regardless 
of whether that cue also signaled the specific actions needed to obtain sucrose (Experiment 1) or did not 
(Experiments 2 and 3). The latter finding is of particular interest because it is unlikely to depend on the execution 
of pre-existing conditioned feeding responses (or stimulus-response habits), and instead suggests that such cues 
acquire affective and/or motivational properties which allow them to flexibly transfer their control across feeding 
actions. This tendency for environmental stimuli to promote food consumption even when established feeding 
routines are not readily available therefore seems to provide a useful and selective animal model of the Pavlovian 
process that supports cue-elicited food cravings and overeating in humans1–3. While there are previous reports 
that food-paired stimuli can promote feeding in a response-independent manner14–16, most CPF experiments 
keep the food source fixed across training and testing phases, and therefore provide only limited information 
about the nature of the psychological processes underlying this effect. The current study provides a demonstra-
tion of the generalized excitatory influence of food-paired cues on feeding behavior using a procedure modeled 
after the PIT task, which is widely used to study the generalized motivational influence of food-paired cues on 
food-seeking behavior. For instance, as in PIT, the current task can be used to assess the tendency for a cue to 
acquire motivational properties that generalize to a new location. We also borrowed training and testing param-
eters (e.g., cue duration, inter-trial intervals, and reinforcement schedule) that are commonly used for PIT, facil-
itating comparisons across studies. This approach may therefore provide greater experimental control for future 
investigations of potential differences in the psychological and/or biological processes underlying Pavlovian con-
trol over instrumental vs. consummatory behavior.

The current study found that activation of D1 dopamine receptors is critical for the expression of this 
response-independent form of CPF, which helps support an incentive motivational interpretation given 

Figure 4. Volume of sucrose solution (ml) consumed as a function of CS+ evoked changes in bout frequency 
and duration. (a) These data represent sucrose consumption as a function of categorical group, determined by 
CS+ evoked increases (↑) or decreases (↓) in bout frequency (Freq) or bout duration (Dur). Error bars represent 
±1 between-subjects standard errors. (b) Relationship between CS+ change in bout frequency (ΔFrequency) and 
sucrose solution consumed (ml). The best fitting regression line is shown. *p < 0.05.
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the importance of dopamine signaling generally, and D1 receptor activation specifically in the expression of 
Pavlovian-to-instrumental transfer18,29–32,45,46. Given evidence that dopamine is relatively unimportant for pro-
cessing the hedonic properties of food stimuli25,28,34, it seems unlikely that the D1 antagonist had its effect by 
disrupting the capacity of the CS+ to alter sucrose palatability at test. This motivational interpretation is also 
supported by our microstructural lick analysis, which found that the cues increased feeding primarily by eliciting 
more bouts of licking, rather than by extending the duration of those bouts. Instead, bout durations varied with 
sucrose palatability, as has been well established23,24,26,27. Interestingly, our statistical mediation analysis revealed 
that although rats engaged in longer bouts when licking 20% vs. 2% sucrose, they also showed a compensatory 
decrease in bout frequency. Therefore, this manipulation of palatability seemed to affect the way rats patterned 
their sucrose intake without impacting their overall level of feeding. In contrast, no such compensatory effect 
was evident during trials with the CS+, which would seem to account for the net increase in licking behavior 
observed on trials with that cue. Furthermore, rats showing increases in bout frequency during CS+ trials also 
showed heightened levels of total sucrose intake. Such findings suggest that food-paired cues (1) can dysregulate 
feeding behavior, and (2) are more effective in driving overeating than manipulations of sucrose palatability, at 
least under the conditions tested here.

The current results also shed light on the role of dopamine in the regulation of feeding behavior in the absence 
of explicit food-paired cues. Previous studies have shown that systemic administration of the D1 dopamine 
antagonist SCH23390 suppresses uncued sucrose consumption by reducing bout frequency without altering bout 
duration25,26, which is similar to the pattern of licking exhibited by dopamine deficient mice47. Though the psy-
chological mechanisms controlling bout frequency in such situations are not clear, it has been suggested that con-
textual and/or interoceptive cues that have become associated with feeding acquire the ability to surreptitiously 
motivate new bouts of food seeking and consumption25,26. Our results provide some support for the plausibility 
of this interpretation by demonstrating that new bouts of licking can be elicited by explicit food-paired cues and 
that this effect also depends on D1 dopamine receptor activation.

As noted elsewhere5,10, there has been relatively little previous research on the role of dopamine in 
CPF. However, one early study found that administration of the nonspecific dopamine receptor antagonist 
α-flupenthixol attenuated CS+ elicited food seeking but left intact that cue’s ability to increase food consump-
tion48, which seems to be at odds with our finding that D1 antagonism disrupts cue-induced sucrose licking. 
There are numerous procedural differences across the two studies that could explain this apparent discrepancy. 
For instance, it may be that our selective manipulation of D1 dopamine transmission is more effective in disrupt-
ing the influence of CS+ on food intake. Furthermore, in this previous study48, food-deprived rats were trained 
and tested in their home cages using a unique Pavlovian conditioning procedure in which a cue was used to signal 
feeding sessions that were distributed intermittently throughout the day. Later, that cue was shown to be effective 
in promoting feeding even when rats were tested in a nondeprived state. The nature and extent of this training 
and the fact that the required feeding responses were unchanged across training and testing phases suggest that 
this CPF protocol may have encouraged the use of a habitual (stimulus-response) feeding response during testing. 
Given that overtraining can render cue-evoked food seeking insensitive to manipulations of dopamine signal-
ing49, it may be that this potentially habit-based form of CPF is less dependent on dopamine than the motivational 
form described here.

Although much remains to be determined about the role of dopamine in CPF, this behavioral phenomenon 
is known to depend on the ghrelin50–52 and melanin-concentrating hormone53 neuropeptide systems, which are 
fundamentally involved in regulating both feeding behavior10 and dopamine signaling54–56. Interestingly, ghrelin’s 
appetite-stimulating effects depend on this hormone’s ability to modulate mesolimbic dopamine signaling57–60. 
For instance, the tendency for ghrelin to enhance food seeking and consumption without affecting food palata-
bility (licking bout duration) can be inhibited by co-administering the D1 dopamine receptor antagonist SCH-
2339060. Based on such findings, one might expect that a similar interaction between ghrelin and dopamine may 
underlie the motivational influence of food-paired cues over feeding.

While the current findings demonstrate that food-paired cues can stimulate overeating by motivating 
new bouts of feeding, such cues are also likely to influence feeding through other processes. Implicit in our 
transfer-of-control approach is the recognition that feeding cues can trigger intake by directly eliciting specific 
feeding behaviors. Furthermore, although the CS+ did not reliably alter bout durations in the current study, a 
recent study employing a more conventional CPF protocol with a fixed food source did find evidence that feeding 
cues can elongate licking bouts53. In line with this, there are previous reports that cues associated with palata-
ble food can augment expression of appetitive orofacial reactions to taste stimuli19–21, another measure of taste 
hedonics or “liking”. Thus, it is likely that food cues can prompt feeding through multiple routes, by causing crav-
ings, by triggering specific feeding responses, and/or by making food taste better10. These processes may underlie 
distinct vulnerabilities to cue-potentiated overeating, perhaps explaining individual differences in susceptibility 
to this effect1,61,62. The current findings demonstrate an effective approach for selectively parsing the motivational 
component of CPF in rats.

Methods
Subjects and apparatus. Adult male Long Evans rats (N = 32 total rats; n = 16 for Experiment 1 and n = 
16 for Experiments 2 and 3), weighing 370–400 g upon arrival, were pair housed in transparent plastic cages in a 
temperature- and humidity-controlled vivarium. Rats had ad libitum access to water in their home cages through-
out the experiment. Rats were placed on a food restriction schedule during certain phases of the experiment, as 
specified below. Husbandry and experimental procedures were approved by the UC Irvine Institutional Animal 
Care and Use Committee (IACUC) and were in accordance with the National Research Council Guide for the 
Care and Use of Laboratory Animals.
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Behavioral procedures were conducted in identical chambers (ENV-007, Med Associates, St Albans, VT, USA), 
housed in sound- and light-attenuated cubicles. Sucrose solution could be delivered via a syringe pump into a 
recessed plastic cup that was centrally located in one end wall of each chamber, 2.5 cm above the stainless-steel 
grid floor. A photobeam detector positioned at the entrance of the food receptacle was used to monitor head 
entries associated with sucrose consumption, as well as conditioned approach responses during Pavlovian con-
ditioning sessions. In certain test sessions (Experiments 2 and 3), sucrose solution could be obtained by licking a 
gravity-fed metal drinking spout that was positioned ~0.5 cm into a 1.3 cm hole located on the end wall opposite 
to the food cup. Individual licks from the food cup and metal spout were continuously recorded during test ses-
sions using a contact lickometer device (ENV-250B, Med Associates, St Albans, VT, USA). A white opaque plex-
iglass panel was positioned in front of the end wall housing the food cup during all sessions when sucrose could 
be obtained from the metal spout. A houselight (3 W, 24 V) provided illumination and a fan provided ventilation 
and background noise.

Pavlovian conditioning. Rats were placed on a food restriction schedule to maintain their body weights 
at approximately 85% of their free-feeding body weights prior to undergoing 2 d of magazine training, in which 
they received 60 deliveries of 20% sucrose solution (0.1 ml) in each daily session (1 h). Rats then received 10 d of 
Pavlovian conditioning. Each daily conditioning session consisted of a series of 6 presentations of a 2-min audio 
cue (CS+; either 80-dB white noise or 10-Hz clicker), with trials separated by a variable 3-min interval (range 
2–4). During each CS+ trial, 0.1 ml aliquots (delivered over 2 sec) of 20% sucrose solution (w/v) were delivered 
into the food cup according to a 30-sec random time schedule, resulting in an average of four sucrose deliveries 
per trial. On the last day of conditioning, rats were also given a second session in which the alternative cue (CS−; 
alternative auditory stimulus) was presented in the same manner as the CS+ but was not paired with sucrose 
solution. Anticipatory behavior was measured by comparing the rate of cup approaches (photobeam breaks) dur-
ing the period between the CS onset and the first sucrose delivery (to avoid detection of unconditioned feeding 
behavior), which was contrasted with the rate of cup approaches during the inter-trial interval. All rats were then 
given five days of ad libitum access to their maintenance diet after the last session of Pavlovian conditioning before 
undergoing additional testing.

Cue-potentiated feeding test. Experiment 1. This experiment assessed the impact of the CS+ on 
the consumption of sucrose solution from the same food cup used during training, such that the conditioned 
response to that cue (i.e., cup approach) was compatible with the behavior needed to obtain sucrose at test. After 
regaining weight lost during the Pavlovian conditioning, rats received a pair of CPF tests, which were separated 
by 48 h, during which rats remained undisturbed in their homecages. During each CPF session (86 min in total 
duration), 2% or 20% sucrose solution was continuously made available in the food cup by refilling that cup with 
0.1 ml of sucrose whenever the rat crossed the photobeam (cup approaches). However, to prevent overfilling the 
cup, the sucrose delivery was only administered if at least 4 s had elapsed since the last sucrose delivery and if the 
rat had performed at least five licks during the intervening period. Over the course of this session, each of the 
2-min auditory stimuli was noncontingently presented 4 times in a pseudorandom order (ABBABAAB), sepa-
rated by a fixed 8-min interval. The first trial began 8 min after the start of the session to allow for the induction 
of satiety prior to assessing the behavioral influence of the cues. Trial order was counterbalanced with Pavlovian 
training conditions, such that the first CS presented was the CS+ for half of subjects and the CS− for the remain-
ing half of subjects. The order of sucrose concentration testing was also counterbalanced, with half of each con-
dition receiving the 2% test first and the 20% test second, and half receiving the opposite arrangement (i.e., all 
animals received both concentrations in separate tests).

Experiment 2. In this experiment, we investigated the effect of the CS+ on consumption of sucrose solution 
from a different source than the cup used during Pavlovian conditioning, such that the conditioned response to 
that cue was incompatible with behavior needed to consume sucrose at test. The first test we conducted included 
only the 2% sucrose condition. After allowing rats to regain weight lost during Pavlovian conditioning, they were 
given two daily sessions (86 min duration) in which they had unrestricted access to 2% sucrose solution from a 
metal spout (gravity-fed via bottle) positioned within a small hole in the end-wall opposite the food cup. A white 
Plexiglas panel was positioned in front of the wall housing the food cup during sessions with spout access (includ-
ing subsequent CPF tests) to discourage animals from searching for sucrose at this location. These sessions were 
designed to give rats experience drinking sucrose from a new source in the absence of the auditory cues. On the 
following day, rats received a single CPF test session as described in Experiment 1, except that 2% sucrose was 
continuously available at the metal spout, rather than at the cup.

Because there was little evidence of CPF in this first test, presumably due to response competition between 
CS+ evoked food cup and spout approach behavior, we gave rats additional spout training (in the absence of the 
CS+) to strengthen sucrose seeking at the spout and discourage food cup approach when the spout was available 
(because it was covered with a panel). Rats were therefore placed back on a food restriction schedule (same as 
during Pavlovian conditioning phase) before being given 5 d of additional spout training sessions, with each of 
these sessions consisting of 10 min of access to 20% sucrose solution. Rats were then given 4 d of ad libitum access 
to home chow to allow them to regain weight lost during this phase. Next, rats were acutely food deprived (20 h) 
prior to receiving Pavlovian retraining sessions with the CS+ and CS−, as during the last day of initial training 
(i.e., with 20% sucrose delivered into food cup during CS+ trials). Note that the spout was removed from the 
chamber during these and all subsequent Pavlovian retraining sessions. Rats were then given ~20 h of ad libitum 
access to home chow prior to undergoing two CPF tests using the metal spout, which were identical to the first 
test, except that rats were given access to 2% or 20% in two separate tests (as in Experiment 1).
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Experiment 3. After finding more substantial evidence of CPF during the last round of testing with the spout, 
rats from Experiment 2 were given additional testing to assess the dependence of this effect on dopamine sig-
naling at D1 dopamine receptors. Rats were first given a 10-min session of spout retraining in which they were 
given access to 20% sucrose solution. Because rats rapidly returned to normal bodyweight when returned to ad 
libitum home chow following acute 20-h food deprivation, we used this procedure to ensure that rats were hun-
gry during this spout retraining session and during subsequent Pavlovian retraining (CS+ and CS− sessions, as 
before), which was conducted on the day before each of the two final CPF tests. Rats were given at least 20 h of ad 
libitum home chow access before each test session. During this final round of CPF testing, rats had continuous 
access to 20% sucrose from the spout during both test sessions. Fifteen min before each test, rats were given an 
i.p. injection (1 ml/kg) of either sterile saline or SCH-23390 (selective D1 dopamine receptor antagonist) using 
a dose (0.04 mg/kg) known to be sufficient to suppress sucrose consumption25,34,63. Rats were tested in both drug 
conditions, counterbalancing for test order.

Data analysis. The primary dependent measure was individual licks, which were recorded with a 10-ms 
resolution using a contact lickometer during all CPF sessions. Very rarely, we detected artifacts in our lickome-
ter measurements that were caused by sustained contact between the rat (paw or mouth) and sucrose (or metal 
spout). These artifacts took the form of high-frequency lickometer responses (>20 Hz). Given that rats exhibit 
a maximal licking rate of <10 Hz64, we excluded all potential lick responses occurring within 0.05 sec of the last 
(non-artifact) lick, corresponding to a 20-Hz cutoff frequency. Sessions in which at least 20% of lick responses 
were excluded given this criterion were altogether removed from analysis (1 session from 1 rat in Experiment 1).

Licking behavior. For each session, we determined the total number of licks across period types (Pre-CS+, CS+, 
Pre-CS−, CS−). Because our primary dependent measure (total licks) is a count variable, these data were ana-
lyzed using generalized linear mixed-effects models with a Poisson response distribution and a log link function 
65-68. This statistical approach allows for parameter estimation as a function of condition (fixed effects) and the 
individual (random effects). In Experiments 1 and 2, the fixed-effects structure included an overall intercept, 
the three-way interaction between CS Period (Pre, CS) × CS Type (CS−,CS+) × Concentration (2%, 20%), and 
all lower-order main effects and interactions. For Experiment 3, Drug (Vehicle, SCH) was substituted in for 
Concentration to accommodate the change in experimental design. These variables were all within-subjects vari-
ables, treated as categorical predictors, and effects-coded. Random-effects model selection involved determining 
the model that minimized the Akaike information criterion 69, while also ensuring that the number of data points 
per parameter did not fall below 10 70,71. Using these criteria, the best random-effects structure across experiments 
included by-subjects uncorrelated intercepts adjusted for CS Period, CS Type, and Concentration (or Drug)72. All 
statistical analyses were conducted in MATLAB (The Math Works; Natick, MA). The alpha level for all tests was 
0.05. As all predictors were categorical, effect size was represented by the unstandardized regression coefficient 73, 
reported as b in-text and in model output tables. Post hoc analyses of interactions were conducted using post hoc 
F-tests of the simple effects within the omnibus analysis using the coefTest function in MATLAB.

Microstructural analysis of licking behavior. Individual licks were categorized as either beginning or continuing 
a licking bout. A bout was demarcated as multiple consecutive licks in which the interlick intervals (ILI) did not 
exceed 1 s74. When at least 1 s had passed from the last lick, the next lick was designated as the beginning of a new 
bout. Bout frequency and duration were calculated by first partitioning the sessions into pre-CS and CS periods, 
as done for total licks in the analyses above. In those periods, every lick that was preceded by a period of at least 
1 s was designated as a bout. The duration of each bout was calculated as the time interval between the first and 
last lick in that bout. Individual licks occurring in isolation were not counted as being part of a bout. To maximize 
sample size for the subsequent mediational analyses39, the bout frequency and bout duration data were collapsed 
across experiments to evaluate general effects of CS period, CS type, and concentration on these microstructural 
measures. Data from the SCH-23390 condition in Experiment 3 were not included in these analyses.

These data were analyzed via generalized linear mixed effects models incorporating a fixed-effects structure of 
CS Period × CS Type × Concentration (and all lower order interactions and main effects) and a random-effects 
structure of by-subjects uncorrelated intercepts adjusted for CS Period, CS Type, and Concentration. As in the 
analysis of total licking behavior, one session for one rat from Experiment 1 was removed from the analysis. The 
bout frequency analysis employed a Poisson response distribution with a log link function due to the count-type 
nature of frequency data. The bout duration analysis employed a gamma response distribution with a log link 
function as bout duration is a continuous measure bounded between 0 and + ∞. For comparison, this same 
analysis was run on total licks collapsed across experiments, in which the analysis assumed a Poisson response 
distribution with a log link function as in the individual experiment total lick analyses. To ensure that the critical 
CS Period × CS Type interaction did not depend on which experiment each rat was in, a second series of models 
were run on the bout frequency and bout duration, identical to the analysis just described but with an additional 
fixed effect predictor of Experiment × CS Period × CS Type. Experiment was a categorical factor. Lastly, as a 
confirmatory measure of motivated licking40–42, we analyzed the latency to the first lick following CS onset using 
a generalized linear mixed-effects model with a gamma response distribution and a log link function (n = 310). 
This model included a fixed-effects structure of CS Type × Concentration (and all lower order interactions and 
main effects) and a random-effects structure of by-subjects intercepts adjusted for CS Type, Concentration, and 
CS Type × Concentration.

Mediational analysis of bout frequency and bout duration. Two multiple mediation models43,75,76 were conducted 
to determine whether effects (or lack thereof) of CS period (Pre, CS) and concentration (2%, 20%) on CPF were 
significantly mediated by bout frequency and/or bout duration. In the CS Period Model, the variable X was CS 
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period (Pre, CS), the outcome variable Y was the total number of licks in that period, and the mediators were bout 
frequency (M1) and bout duration (M2). In the Concentration Model, the variable X was sucrose concentration. 
Because cue-evoked licking was primarily evident for CS+ trials (see Results), only CS+ trials were analyzed. For 
each rat and for each test session, the average number of licks and bouts and the average duration of each bout 
was determined for pre-CS+ and CS+ periods. These analyses included all rats from Experiments 1 and 2 (16 rats 
per experiment × 2 experiments × 2 concentrations × 2 CS periods = 128 data points) and the vehicle condition 
data from Experiment 3 (16 rats × 2 CS periods = 32 data points). As in the analysis of total licking behavior, one 
session for one rat from Experiment 1 was removed from the analysis, leaving a total of 158 data points. Rarely, 
rats did not lick during the pre-CS+ or CS+ periods during a session (9/158; 9.5%). In these instances, the aver-
age number of licks and bouts were coded as “0” and the value for average bout duration was left as an empty cell. 
When the same models were run assuming listwise deletion (i.e., removing rows in which bout duration was an 
empty cell), similar patterns held. Because these analyses involve general linear models (i.e., simple or multiple 
linear regression), the bout frequency and total lick data were square-root transformed and the bout duration 
data were log-transformed to correct for positive skewness. Significance of the indirect effect was determined by 
95% percentile bootstrapping with 10,000 iterations. Regression coefficients are reported in correspondence with 
traditional mediational analysis reports (e.g., c’ = direct effect of X on Y)43,75.

Individual differences in cue-evoked changes in bout frequency and duration. The aforementioned analyses 
allowed us to assess the effect of the CS+ on licking microstructure at the group level. We also characterized 
individual differences in the expression of this effect. For each rat, two difference scores were computed for the 
bout frequency and bout duration measures. As a parallel to the CS Period Model, bout frequency during the 
pre-CS+ period was subtracted from the bout frequency value during the CS+ period (i.e., CS+ - pre-CS+); 
for the Concentration Model, bout frequency during the 2% sucrose test was subtracted from the correspond-
ing value during the 20% test (i.e., 20%–2%). These computations produced measures describing the change in 
bout frequency (ΔFrequency). These same calculations were done for bout duration (i.e., ΔDuration). Thus, for each 
pair of Pre-CS+/CS+ and 2%/20% data points, changes in bout frequency and bout duration were determined. 
The means of these distributions were compared to 0 via a one-sample t-test (α = 0.05) to evaluate distributional 
shifts away from no general change. Each of these data points were categorized by increases and/or decreases in 
bout frequency and duration and represented by a bivariate scatter plot (e.g., increase in bout frequency/decease 
in bout duration upon CS+ onset), allowing for determination of the proportion of data points in each 2 × 2 
quadrant (bout frequency/duration × increase/decrease). Data points in which the difference score was equal to 
zero was categorized as a decrease (i.e., not an increase). Chi-squared (χ2) goodness of fit tests for both the CS 
period and concentration data determined whether the distributions of these data points were different from 
uniformly-distributed data across these four categories (α = 0.05). To determine if there was an approximately 
equal distribution of these data points across the four quadrants for each experiment, simple correlational anal-
yses for the CS Period and Concentration data were performed to evaluate the relationship between the number 
of data points in each quadrant in each experiment and the corresponding expected number of data points, as 
estimated by the overall proportions in each quadrant.

Microstructural predictors of sucrose consumption. A final series of generalized linear mixed effects analyses were 
conducted to determine if the total volume of sucrose solution consumed across entire test sessions was predicted 
by that rat’s change in bout frequency and duration from the pre-CS+ to CS+ periods. Analyses included data 
from all non-drug conditions, (i.e., 2% and 20% sucrose tests for Experiments 1 and 2, and the vehicle condition 
from Experiment 3). The analyses assumed a gamma response distribution with a log link function. The first 
analysis regressed total sucrose solution consumed (mL) on the main effects of and interactions between the 
2 × 2 categorical groupings of increases/decreases in bout frequency/duration as described above. The second 
analysis regressed total sucrose consumption on the main effects of and interaction between the continuous value 
of ΔFrequency and sucrose concentration.

Data availability. The datasets analyzed during the current experiments are available from the correspond-
ing author on reasonable request.

References
 1. Fedoroff, I., Polivy, J. & Herman, C. P. The specificity of restrained versus unrestrained eaters’ responses to food cues: general desire 

to eat, or craving for the cued food? Appetite 41, 7–13 (2003).
 2. Pelchat, M. L. & Schaefer, S. Dietary monotony and food cravings in young and elderly adults. Physiol Behav 68, 353–359 (2000).
 3. Jansen, A. A learning model of binge eating: cue reactivity and cue exposure. Behav Res Ther 36, 257–272 (1998).
 4. Weingarten, H. P. Meal initiation controlled by learned cues: basic behavioral properties. Appetite 5, 147–158 (1984).
 5. Petrovich, G. D., Ross, C. A., Gallagher, M. & Holland, P. C. Learned contextual cue potentiates eating in rats. Physiol Behav 90, 

362–367, https://doi.org/10.1016/j.physbeh.2006.09.031 (2007).
 6. Birch, L. L., McPhee, L., Sullivan, S. & Johnson, S. Conditioned meal initiation in young children. Appetite 13, 105–113 (1989).
 7. Fedoroff, I. C., Polivy, J. & Herman, C. P. The effect of pre-exposure to food cues on the eating behavior of restrained and 

unrestrained eaters. Appetite 28, 33–47 (1997).
 8. Halford, J. C., Gillespie, J., Brown, V., Pontin, E. E. & Dovey, T. M. Effect of television advertisements for foods on food consumption 

in children. Appetite 42, 221–225, https://doi.org/10.1016/j.appet.2003.11.006 (2004).
 9. Cornell, C. E., Rodin, J. & Weingarten, H. Stimulus-induced eating when satiated. Physiol Behav 45, 695–704 (1989).
 10. Johnson, A. W. Eating beyond metabolic need: how environmental cues influence feeding behavior. Trends Neurosci 36, 101–109, 

https://doi.org/10.1016/j.tins.2013.01.002 (2013).
 11. Kenny, P. J. Reward mechanisms in obesity: new insights and future directions. Neuron 69, 664–679, https://doi.org/10.1016/j.

neuron.2011.02.016 (2011).
 12. Petrovich, G. D. Forebrain networks and the control of feeding by environmental learned cues. Physiol Behav 121, 10–18, https://doi.

org/10.1016/j.physbeh.2013.03.024 (2013).

http://dx.doi.org/10.1016/j.physbeh.2006.09.031
http://dx.doi.org/10.1016/j.appet.2003.11.006
http://dx.doi.org/10.1016/j.tins.2013.01.002
http://dx.doi.org/10.1016/j.neuron.2011.02.016
http://dx.doi.org/10.1016/j.neuron.2011.02.016
http://dx.doi.org/10.1016/j.physbeh.2013.03.024
http://dx.doi.org/10.1016/j.physbeh.2013.03.024


www.nature.com/scientificreports/

1 2SCIeNTIfIC REPORTS |  (2018) 8:2766  | DOI:10.1038/s41598-018-21046-0

 13. Boswell, R. G. & Kober, H. Food cue reactivity and craving predict eating and weight gain: a meta-analytic review. Obes Rev 17, 
159–177, https://doi.org/10.1111/obr.12354 (2016).

 14. Holland, P. C. & Gallagher, M. Double dissociation of the effects of lesions of basolateral and central amygdala on conditioned 
stimulus-potentiated feeding and Pavlovian-instrumental transfer. Eur J Neurosci 17, 1680–1694 (2003).

 15. Holland, P. C., Petrovich, G. D. & Gallagher, M. The effects of amygdala lesions on conditioned stimulus-potentiated eating in rats. 
Physiol Behav 76, 117–129 (2002).

 16. Reppucci, C. J. & Petrovich, G. D. Learned food-cue stimulates persistent feeding in sated rats. Appetite 59, 437–447, https://doi.
org/10.1016/j.appet.2012.06.007 (2012).

 17. Rescorla, R. A. & Solomon, R. L. Two-process learning theory: Relationships between Pavlovian conditioning and instrumental 
learning. Psychol Rev 74, 151–182 (1967).

 18. Dickinson, A., Smith, J. & Mirenowicz, J. Dissociation of Pavlovian and instrumental incentive learning under dopamine 
antagonists. Behav Neurosci 114, 468–483 (2000).

 19. Delamater, A. R., LoLordo, V. M. & Berridge, K. C. Control of fluid palatability by exteroceptive Pavlovian signals. J Exp Psychol 
Anim Behav Process 12, 143–152 (1986).

 20. Holland, P. C., Lasseter, H. & Agarwal, I. Amount of training and cue-evoked taste-reactivity responding in reinforcer devaluation. 
J Exp Psychol Anim Behav Process 34, 119–132, https://doi.org/10.1037/0097-7403.34.1.119 (2008).

 21. Kerfoot, E. C., Agarwal, I., Lee, H. J. & Holland, P. C. Control of appetitive and aversive taste-reactivity responses by an auditory 
conditioned stimulus in a devaluation task: a FOS and behavioral analysis. Learn Mem 14, 581–589, https://doi.org/10.1101/
lm.627007 (2007).

 22. Holland, P. C. & Petrovich, G. D. A neural systems analysis of the potentiation of feeding by conditioned stimuli. Physiol Behav 86, 
747–761, https://doi.org/10.1016/j.physbeh.2005.08.062 (2005).

 23. Davis, J. D. & Smith, G. P. Analysis of the microstructure of the rhythmic tongue movements of rats ingesting maltose and sucrose 
solutions. Behav Neurosci 106, 217–228 (1992).

 24. Higgs, S. & Cooper, S. J. Evidence for early opioid modulation of licking responses to sucrose and intralipid: a microstructural 
analysis in the rat. Psychopharmacology (Berl) 139, 342–355 (1998).

 25. D’Aquila, P. S. Dopamine on D2-like receptors “reboosts” dopamine D1-like receptor-mediated behavioural activation in rats licking 
for sucrose. Neuropharmacology 58, 1085–1096, https://doi.org/10.1016/j.neuropharm.2010.01.017 (2010).

 26. Ostlund, S. B., Kosheleff, A., Maidment, N. T. & Murphy, N. P. Decreased consumption of sweet fluids in mu opioid receptor 
knockout mice: a microstructural analysis of licking behavior. Psychopharmacology (Berl) 229, 105–113, https://doi.org/10.1007/
s00213-013-3077-x (2013).

 27. Mendez, I. A., Ostlund, S. B., Maidment, N. T. & Murphy, N. P. Involvement of Endogenous Enkephalins and beta-Endorphin in 
Feeding and Diet-Induced Obesity. Neuropsychopharmacology 40, 2103–2112, https://doi.org/10.1038/npp.2015.67 (2015).

 28. Galistu, A. & D’Aquila, P. S. Effect of the dopamine D1-like receptor antagonist SCH 23390 on the microstructure of ingestive 
behaviour in water-deprived rats licking for water and NaCl solutions. Physiol Behav 105, 230–233, https://doi.org/10.1016/j.
physbeh.2011.08.006 (2012).

 29. Ostlund, S. B. & Maidment, N. T. Dopamine receptor blockade attenuates the general incentive motivational effects of 
noncontingently delivered rewards and reward-paired cues without affecting their ability to bias action selection. 
Neuropsychopharmacology 37, 508–519, https://doi.org/10.1038/npp.2011.217 (2012).

 30. Wassum, K. M., Ostlund, S. B., Balleine, B. W. & Maidment, N. T. Differential dependence of Pavlovian incentive motivation and 
instrumental incentive learning processes on dopamine signaling. Learn Mem 18, 475–483, https://doi.org/10.1101/lm.2229311 (2011).

 31. Laurent, V., Bertran-Gonzalez, J., Chieng, B. C. & Balleine, B. W. delta-opioid and dopaminergic processes in accumbens shell 
modulate the cholinergic control of predictive learning and choice. J Neurosci 34, 1358–1369, https://doi.org/10.1523/
JNEUROSCI.4592-13.2014 (2014).

 32. Lex, A. & Hauber, W. Dopamine D1 and D2 receptors in the nucleus accumbens core and shell mediate Pavlovian-instrumental 
transfer. Learn Mem 15, 483–491, https://doi.org/10.1101/lm.978708 (2008).

 33. Yun, I. A., Nicola, S. M. & Fields, H. L. Contrasting effects of dopamine and glutamate receptor antagonist injection in the nucleus 
accumbens suggest a neural mechanism underlying cue-evoked goal-directed behavior. Eur J Neurosci 20, 249–263, https://doi.
org/10.1111/j.1460-9568.2004.03476.x (2004).

 34. Liao, R. M. & Ko, M. C. Chronic effects of haloperidol and SCH23390 on operant and licking behaviors in the rat. Chin J Physiol 38, 
65–73 (1995).

 35. Davis, J. D. The microstructure of ingestive behavior. ANYAS 575, 106–121, https://doi.org/10.1111/j.1749-6632.1989.tb53236.x 
(1989).

 36. Breslin, P. A. S., Davis, J. D. & Rosenak, R. Saccharin increases the effectiveness of glucose in stimulating ingestion in rats but has 
little effect on negative feedback. Physiology & Behavior 60, 411–416, https://doi.org/10.1016/S0031-9384(96)80012-6 (1996).

 37. Davis, J. D., Smith, G. P., Singh, B. & McCann, D. L. The impact of sucrose-derived unconditioned and conditioned negative 
feedback on the microstructure of ingestive behavior. Physiology & Behavior 72, 392–402, https://doi.org/10.1016/S0031-
9384(00)00442-X (2001).

 38. Asin, K. E., Davis, J. D. & Bednarz, L. Differential effects of serotonergic and catecholaminergic drugs on ingestive behavior. 
Psychopharmacology 109, 415–421 (1992).

 39. Fritz, M. S. & Mackinnon, D. P. Required sample size to detect the mediated effect. Psychol Sci 18, 233–239, https://doi.org/10.1111/
j.1467-9280.2007.01882.x (2007).

 40. Allison, J. & Castellan, N. J. Temporal characteristics of nutritive drinking in rats and humans. Journal of Comparative and 
Physiological Psychology 70, 116–125, https://doi.org/10.1037/h0028402 (1970).

 41. Bolles, R. C. The readiness to eat and drink: the effect of deprivation conditions. Journal of Comparative and Physiological Psychology 
55, 230–234, https://doi.org/10.1037/h0048338 (1962).

 42. Davis, J. D. & Perez, M. C. Food deprivation- and palatability-induced microstructural changes in ingestive behavior. Am J Physiol 
Regul Integr Comp Physiol 264, R97–R103 (1993).

 43. Hayes, A. F. Mediation, Moderation, and Conditional Process Analysis: A Regression-Based Approach. (The Guilford Press, 2013).
 44. Smith, G. P. John Davis and the meanings of licking. Appetite 36, 84–92, https://doi.org/10.1006/appe.2000.0371 (2001).
 45. Aitken, T. J., Greenfield, V. Y. & Wassum, K. M. Nucleus accumbens core dopamine signaling tracks the need-based motivational 

value of food-paired cues. J Neurochem 136, 1026–1036, https://doi.org/10.1111/jnc.13494 (2016).
 46. Wassum, K. M., Ostlund, S. B., Loewinger, G. C. & Maidment, N. T. Phasic mesolimbic dopamine release tracks reward seeking during 

expression of Pavlovian-to-instrumental transfer. Biol Psychiatry 73, 747–755, https://doi.org/10.1016/j.biopsych.2012.12.005 (2013).
 47. Cannon, C. M. & Palmiter, R. D. Reward without dopamine. J Neurosci 23, 10827–10831 (2003).
 48. Weingarten, H. P. & Martin, G. M. Mechanisms of conditioned meal initiation. Physiol Behav 45, 735–740 (1989).
 49. Choi, W. Y., Balsam, P. D. & Horvitz, J. C. Extended habit training reduces dopamine mediation of appetitive response expression. J 

Neurosci 25, 6729–6733, https://doi.org/10.1523/JNEUROSCI.1498-05.2005 (2005).
 50. Dailey, M. J., Moran, T. H., Holland, P. C. & Johnson, A. W. The antagonism of ghrelin alters the appetitive response to learned cues 

associated with food. Behav Brain Res 303, 191–200, https://doi.org/10.1016/j.bbr.2016.01.040 (2016).
 51. Walker, A. K., Ibia, I. E. & Zigman, J. M. Disruption of cue-potentiated feeding in mice with blocked ghrelin signaling. Physiol Behav 

108, 34–43, https://doi.org/10.1016/j.physbeh.2012.10.003 (2012).

http://dx.doi.org/10.1111/obr.12354
http://dx.doi.org/10.1016/j.appet.2012.06.007
http://dx.doi.org/10.1016/j.appet.2012.06.007
http://dx.doi.org/10.1037/0097-7403.34.1.119
http://dx.doi.org/10.1101/lm.627007
http://dx.doi.org/10.1101/lm.627007
http://dx.doi.org/10.1016/j.physbeh.2005.08.062
http://dx.doi.org/10.1016/j.neuropharm.2010.01.017
http://dx.doi.org/10.1007/s00213-013-3077-x
http://dx.doi.org/10.1007/s00213-013-3077-x
http://dx.doi.org/10.1038/npp.2015.67
http://dx.doi.org/10.1016/j.physbeh.2011.08.006
http://dx.doi.org/10.1016/j.physbeh.2011.08.006
http://dx.doi.org/10.1038/npp.2011.217
http://dx.doi.org/10.1101/lm.2229311
http://dx.doi.org/10.1523/JNEUROSCI.4592-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.4592-13.2014
http://dx.doi.org/10.1101/lm.978708
http://dx.doi.org/10.1111/j.1460-9568.2004.03476.x
http://dx.doi.org/10.1111/j.1460-9568.2004.03476.x
http://dx.doi.org/10.1111/j.1749-6632.1989.tb53236.x
http://dx.doi.org/10.1016/S0031-9384(96)80012-6
http://dx.doi.org/10.1016/S0031-9384(00)00442-X
http://dx.doi.org/10.1016/S0031-9384(00)00442-X
http://dx.doi.org/10.1111/j.1467-9280.2007.01882.x
http://dx.doi.org/10.1111/j.1467-9280.2007.01882.x
http://dx.doi.org/10.1037/h0028402
http://dx.doi.org/10.1037/h0048338
http://dx.doi.org/10.1006/appe.2000.0371
http://dx.doi.org/10.1111/jnc.13494
http://dx.doi.org/10.1016/j.biopsych.2012.12.005
http://dx.doi.org/10.1523/JNEUROSCI.1498-05.2005
http://dx.doi.org/10.1016/j.bbr.2016.01.040
http://dx.doi.org/10.1016/j.physbeh.2012.10.003


www.nature.com/scientificreports/

13SCIeNTIfIC REPORTS |  (2018) 8:2766  | DOI:10.1038/s41598-018-21046-0

 52. Kanoski, S. E., Fortin, S. M., Ricks, K. M. & Grill, H. J. Ghrelin signaling in the ventral hippocampus stimulates learned and 
motivational aspects of feeding via PI3K-Akt signaling. Biol Psychiatry 73, 915–923, https://doi.org/10.1016/j.biopsych.2012.07.002 
(2013).

 53. Sherwood, A., Holland, P. C., Adamantidis, A. & Johnson, A. W. Deletion of Melanin Concentrating Hormone Receptor-1 disrupts 
overeating in the presence of food cues. Physiol Behav 152, 402–407, https://doi.org/10.1016/j.physbeh.2015.05.037 (2015).

 54. Domingos, A. I. et al. Hypothalamic melanin concentrating hormone neurons communicate the nutrient value of sugar. eLife 2, 
e01462, https://doi.org/10.7554/eLife.01462 (2013).

 55. Smith, D. G. et al. Mesolimbic dopamine super-sensitivity in melanin-concentrating hormone-1 receptor-deficient mice. The Journal 
of Neuroscience 25, 914–922, https://doi.org/10.1523/JNEUROSCI.4079-04.2005 (2005).

 56. Liu, S. & Borgland, S. L. Regulation of the mesolimbic dopamine circuit by feeding peptides. Neuroscience 289, 19–42, https://doi.
org/10.1016/j.neuroscience.2014.12.046 (2015).

 57. Cone, J. J., Roitman, J. D. & Roitman, M. F. Ghrelin regulates phasic dopamine and nucleus accumbens signaling evoked by food-
predictive stimuli. J Neurochem 133, 844–856, https://doi.org/10.1111/jnc.13080 (2015).

 58. Cone, J. J., McCutcheon, J. E. & Roitman, M. F. Ghrelin acts as an interface between physiological state and phasic dopamine 
signaling. J Neurosci 34, 4905–4913, https://doi.org/10.1523/JNEUROSCI.4404-13.2014 (2014).

 59. Abizaid, A. et al. Ghrelin modulates the activity and synaptic input organization of midbrain dopamine neurons while promoting 
appetite. J Clin Invest 116, 3229–3239, https://doi.org/10.1172/JCI29867 (2006).

 60. Overduin, J., Figlewicz, D. P., Bennett-Jay, J., Kittleson, S. & Cummings, D. E. Ghrelin increases the motivation to eat, but does not 
alter food palatability. Am J Physiol Regul Integr Comp Physiol 303, R259–269, https://doi.org/10.1152/ajpregu.00488.2011 (2012).

 61. Ferriday, D. & Brunstrom, J. M. ‘I just can’t help myself ’: effects of food-cue exposure in overweight and lean individuals. Int J Obes 
(Lond) 35, 142–149, https://doi.org/10.1038/ijo.2010.117 (2011).

 62. Tetley, A., Brunstrom, J. & Griffiths, P. Individual differences in food-cue reactivity. The role of BMI and everyday portion-size 
selections. Appetite 52, 614–620, https://doi.org/10.1016/j.appet.2009.02.005 (2009).

 63. Schneider, L. H., Greenberg, D. & Smith, G. P. Comparison of the Effects of Selective D1 and D2 Receptor Antagonists on Sucrose 
Sham Feeding and Water Sham Drinking. Ann Ny Acad Sci 537, 534–537, https://doi.org/10.1111/j.1749-6632.1988.tb42151.x 
(1988).

 64. Weijnen, J. A. W. M., Wouters, J. & van Hest, J. M. H. H. Interaction between licking and swallowing in the drinking rat. Brain, 
Behavior and Evolution 25, 117–127, https://doi.org/10.1159/000118857 (1984).

 65. Boisgontier, M. P. & Cheval, B. The anova to mixed model transition. Neuroscience & Biobehavioral Reviews 68, 1004–1005, https://
doi.org/10.1016/j.neubiorev.2016.05.034 (2016).

 66. Bolker, B. M. et al. Generalized linear mixed models: a practical guide for ecology and evolution. Trends in Ecology & Evolution 24, 
127–135, https://doi.org/10.1016/j.tree.2008.10.008 (2008).

 67. Coxe, S., West, S. G. & Aiken, L. S. The analysis of count data: A gentle introduction to Poisson regression and its alternatives. Journal 
of Personality Assessment 91, 121–136, https://doi.org/10.1080/00223890802634175 (2009).

 68. Pinheiro, J. & Bates, D. Mixed-effects models in S and S-Plus. (Springer, 2000).
 69. Burnham, K. P. & Anderson, D. R. Model Selection and Inference: A Practical Information-Theoretic Approach. (Springer, 1998).
 70. Babyak, M. A. What you see may not be what you get: A brief, nontechnical introduction to overfitting in regression-type models. 

Psychosomatic Medicine 66, 411–421 (2004).
 71. Peduzzi, P., Concato, J., Kemper, E., Holford, T. R. & Feinstein, A. R. A simulation study of the number of events per variable in 

logistic regression analysis. Journal of Clinical Epidemiology 49, 1373–1379 (1996).
 72. Bates, D., Kliegl, R., Vasishth, S. & Baayen, H. Parsimonious mixed models. ar Xiv preprint arXiv 1506, 04967 (2015).
 73. Baguley, T. Standardized or simple effect size: what should be reported? British Journal of Psychology 100, 603–617, https://doi.org/

10.1348/000712608X377117 (2009).
 74. Spector, A. C., Klumpp, P. A. & Kaplan, J. M. Analytical issues in the evaluation of food deprivation and sucrose concentration effects 

on the microstructure of licking behavior in the rat. Behavioral Neuroscience 112, 678–694 (1998).
 75. Hayes, A. F. Beyond Baron and Kenny: Statistical mediation analysis in the new millennium. Communication Monographs 76, 

408–420, https://doi.org/10.1080/03637750903310360 (2009).
 76. Preacher, K. J. & Hayes, A. F. SPSS and SAS procedures for estimating indirect effects in simple mediation models. Behavior Research 

Methods, Instruments, & Computers 36, 717–731 (2004).

Acknowledgements
This research was supported by NIH grants AG045380, DK098709, DA029035, and MH106972 to SBO. The 
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Author Contributions
S.B.O. conceived and designed the experiments; B.H. and A.T.L. performed experimentation; A.T.M. and S.B.O 
analyzed the data. All authors wrote the article and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21046-0.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1016/j.biopsych.2012.07.002
http://dx.doi.org/10.1016/j.physbeh.2015.05.037
http://dx.doi.org/10.7554/eLife.01462
http://dx.doi.org/10.1523/JNEUROSCI.4079-04.2005
http://dx.doi.org/10.1016/j.neuroscience.2014.12.046
http://dx.doi.org/10.1016/j.neuroscience.2014.12.046
http://dx.doi.org/10.1111/jnc.13080
http://dx.doi.org/10.1523/JNEUROSCI.4404-13.2014
http://dx.doi.org/10.1172/JCI29867
http://dx.doi.org/10.1152/ajpregu.00488.2011
http://dx.doi.org/10.1038/ijo.2010.117
http://dx.doi.org/10.1016/j.appet.2009.02.005
http://dx.doi.org/10.1111/j.1749-6632.1988.tb42151.x
http://dx.doi.org/10.1159/000118857
http://dx.doi.org/10.1016/j.neubiorev.2016.05.034
http://dx.doi.org/10.1016/j.neubiorev.2016.05.034
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.1080/00223890802634175
http://dx.doi.org/10.1348/000712608X377117
http://dx.doi.org/10.1348/000712608X377117
http://dx.doi.org/10.1080/03637750903310360
http://dx.doi.org/10.1038/s41598-018-21046-0
http://creativecommons.org/licenses/by/4.0/

	Contributions of Pavlovian incentive motivation to cue-potentiated feeding
	Results
	Cue-potentiated feeding with a cue that signals the food source. 
	Transfer of cue-potentiated feeding to a new food source. 
	Dependence on D1-type dopamine receptors. 
	Microstructural analysis of the effects of sucrose-paired cues and sucrose concentration on feeding. 
	Mediational analysis of CS period effect. 
	Mediational analysis of sucrose concentration effect. 
	Individual differences in the effect of CS period and concentration on licking microstructure. 
	Microstructural predictors of sucrose consumption. 


	Discussion
	Methods
	Subjects and apparatus. 
	Pavlovian conditioning. 
	Cue-potentiated feeding test. 
	Experiment 1. 
	Experiment 2. 
	Experiment 3. 

	Data analysis. 
	Licking behavior. 
	Microstructural analysis of licking behavior. 
	Mediational analysis of bout frequency and bout duration. 
	Individual differences in cue-evoked changes in bout frequency and duration. 
	Microstructural predictors of sucrose consumption. 

	Data availability. 

	Acknowledgements
	Figure 1 Total licking behavior.
	Figure 2 Microstructural components of licking behavior.
	Figure 3 Mediation of CPF by microstructural characteristics of licking behavior.
	Figure 4 Volume of sucrose solution (ml) consumed as a function of CS+ evoked changes in bout frequency and duration.




