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Two experiments in rats examined how training where a stimulus signaled when to respond for 
reward, conditions that should favour S-R learning, might lead to habitual control of behaviour. 
Experiment 1 investigated how animals trained with a stimulus preceding lever insertion would 
impact learning relative to a group that was self-paced and could control lever insertion with a 
second, distinct response. Rats were then tested for sensitivity to outcome devaluation to distinguish 
between goal-directed and habitual control. We found that free-operant, self-paced conditions 
promoted goal-directed control while signaling trials with a stimulus promoted habitual control 
evidenced as insensitivity to outcome devaluation. Experiment 2 assessed whether the stimulus-
outcome association is important for driving habitual responding when training occurs with a 
traditional discriminative stimulus. A comparison group was trained under free-operant conditions 
and experienced the same stimulus presented alongside the earned reward. Following devaluation, 
animals trained under discriminated-operant conditions had reduced goal-directed control, but only 
after extended training. The free-operant group remained goal-directed, even after extended training, 
and their performance was not altered by stimulus presentations, suggesting effects of a stimulus-
outcome association were unlikely to account for the deficit in the discriminative stimulus group. 
These results extend understanding of how stimuli present during instrumental training promote the 
development of habitual control.
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Instrumental learning paradigms, used to study the acquisition and execution of reward-seeking behaviours, 
have identified two learning processes that contribute to control of instrumental responses1. The first is a goal-
directed system that relies on knowledge of the causal relationship between a response and its outcome as well 
as evaluation of the current value of that outcome. Because goal-directed behaviour is controlled by the outcome 
it produces, changes in the value of that outcome are reflected in performance. However, with extended practice 
under consistent conditions, the same behaviour can become automatic or habitual1. Habits have long been 
argued to rely on stimulus–response (S-R) learning where an association between stimuli (S) present when a 
response (R) is executed and the response itself is gradually strengthened each time the response is rewarded. 
These stimuli can then ‘trigger’ that response when similar circumstances are encountered in the future2–4. 
Importantly, the S-R association thought to control habits does not include encoding of the outcome itself. Thus, 
changes to the value of the outcome do not produce immediate changes in performance of habits. Based on 
this framework, the outcome devaluation task has become the standard way to determine whether a behaviour 
is under goal-directed or habitual control5–8. In this task, animals are trained to make a response (e.g. press a 
lever) for some desirable outcome (e.g. a food pellet). Then, prior to the test session, the value of that outcome is 
reduced by pre-feeding the outcome to satiety or inducing a conditioned taste aversion by pairing consumption 
with illness. Lever-pressing is then tested under extinction conditions. A behaviour that is goal-directed and 
controlled by an expectation of its consequences should adapt (decrease) in line with the new reduced value 
of the food, while habitual performance should be relatively unaffected by devaluation as it depends on S-R 
learning rather than anticipation of the outcome1,6,7.

While there has been substantial progress in defining the behavioural and neural substrates that control goal-
directed learning9, much less is known about the precise conditions that produce habit learning. Behaviour is 
often classified as habitual when it fails to meet the criteria for goal-directed control (that is, when it fails to show 
sensitivity to manipulations of the response-outcome contingency or changes in outcome value) but there is 
surprisingly little direct evidence that stimuli trigger habits, or even, under free-operant conditions, about what 
exactly those stimuli might be.

Recognizing this problem, there have been several recent attempts to characterize the stimuli that comprise 
the S-R association thought to underlie habit learning4,10–15. One procedure that appears to be effective in 
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establishing habitual control was introduced by Vandaele et al.15 and used a discrete-trial design. In that study, a 
lever was inserted and if the rats pressed the lever five times, reward was delivered and the lever retracted until 
the next trial. When tested, animals trained in this fashion were insensitive to outcome devaluation suggesting 
that behaviour was habitual. The authors suggested that the audiovisual properties of lever insertion were a 
stimulus and effective in producing habitual control because they were particularly salient.

While Vandaele et al.15 argued that lever insertion as a stimulus was particularly effective in producing 
habits, Thrailkill et al.12 found that lever insertion was no better at producing habits than a tone trained in a 
similar fashion. However, Thrailkill et al.12 did report that animals trained with lever insertion acquired the 
instrumental response more quickly than those trained with a tone and so it is possible that lever insertion has 
unique properties for supporting habits. One limitation of the discrete-trial design with lever insertion serving 
as the stimulus is that rats can only respond when the lever is present which restricts the comparisons that can be 
made; the lever as a signal to respond is confounded with the ability to respond. Without the ability to measure 
lever-pressing in the absence of the stimulus, evidence that the stimulus is controlling responding is limited. 
To avoid this issue, by adding a light in training, Experiment 1 was designed so that the lever was available 
throughout the duration of the test. This allowed for comparison of responding when the light was present and 
when it was absent. Another potential issue with previous designs is that the animal cannot control when trials 
occur which differs from free-operant conditions where an animal can elect to respond at any time in pursuit of 
a desired outcome. To address this, we included a group that could initiate trials and lever insertion at any time 
by pressing a separate lever. Since in training, for the light group, light presentation dictated when the animals 
could respond and be rewarded, we hypothesized that these conditions would favor the development of an 
S-R association and that animals in this group would demonstrate habitual control (insensitivity to outcome 
devaluation). In contrast, because animals that could initiate trials by pressing a separate lever could control 
when they sought reward and presumably did so with the goal of obtaining that outcome, we predicted that, 
while controlling for lever insertion/retraction, these conditions would favor goal-directed learning and this 
group would reduce responding following outcome devaluation.

Results
A summary of the behavioural paradigm is presented in Fig. 1a. Rats (8 males/7 females) were trained under one 
of two conditions. For animals in the Light group, a circular light to the right of the magazine would illuminate 
for 6 s followed by the insertion of the reward lever to the left of the magazine, which the animals could then press 
to earn reward. The Lever group was self-paced and able to control insertion of the reward lever by responding 
on a second lever (positioned to the right of the magazine). For both groups, responding on the reward lever an 
average of 10 times earned a reward pellet at which point the lever would retract. Following 8 days of training, 
all animals were tested for sensitivity to outcome devaluation induced by sensory-specific satiety6,8,16. Briefly, 
animals were placed in individual feeding cages and allowed unlimited access to their previously earned outcome 
(devalued) or an alternative food (non-devalued) for one hour. This serves to reduce the current value of the pre-
fed food. Animals were then placed in the training chambers for an extinction test where the reward lever was 
present for the duration of the 5-min test for both groups. Additionally, every 30 s, either the light (for the Light 
group) or the second lever (for the Lever group) was presented for 6 s a total of 8 times. This allowed examination 
of responding in the presence and absence of the stimulus.

Signaling lever availability promotes habitual control
Except for one rat that was excluded, all animals acquired the instrumental response, and demonstrated 
stable responding throughout training with no group differences observed (largest F-values, day x group F [7, 
77] = 1.108, p = 0.367, day x sex F [7, 77] = 1.721, p = 0.116; all other F’s < 1). Preliminary analyses detected no 
main effects or interactions with sex (largest F-values including sex were for an interval x group x sex interaction 
(F [1,11] = 2.019 p = 0.183, ηp2 = 0.010), and a group x sex interaction (F [1, 11] = 1.475, p = 0.250, ηp2 = 0.065). 
All other F’s < 1, therefore, the following analyses collapsed across sex.

Consumption was equivalent for the two groups (Supplementary Information Fig. S2). Analyses of the test 
data examined lever pressing during the 6 s prior to the stimulus and the 6 s when the stimulus (light or distal 
lever according to group) was present using a 2 × 2 × 2 ANOVA (group x devaluation x stimulus). Devaluation 
reduced responding overall (F [1, 13] = 11.031, p = 0.006, ηp2 = 0.101) but as seen in Fig. 1, this appeared to 
differ by group (group x devaluation interaction: F [1, 13] = 4.174, p = 0.062, ηp2 = 0.038). Simple effects analyses 
based on our predictions confirmed that rats in the Lever group reduced responding following devaluation 
(Fig. 1a; F [1, 6] = 41.496, p < 0.001, ηp2 = 0.472) while those in the Light group did not (Fig. 1b; F [1, 7] = 0.554, 
p = 0.481, ηp2 = 0.51). Neither group significantly altered responding upon stimulus presentation (Lever group: 
Fig.  1a; F [1, 6] = 3.508, p = 0.110, ηp2 = 0.125; Light group: Fig.  1b; F [1, 7] = 4.220, p = 0.079, ηp2 = 0.034). 
Magazine data are included in Supplementary Fig. 3.

In summary, while some have suggested that lever insertion is a particularly salient stimulus that promotes 
habitual control, when we trained two groups that experienced lever insertion throughout training but differed 
in their control of when insertion happened, only rats that were trained where a light preceded lever insertion 
were insensitive to devaluation. In contrast, self-paced animals (the Lever group) reduced responding when the 
outcome was devalued, indicative of goal-directed control. These results indicate that training where a stimulus 
signals the availability of a response impacts the nature of learning in a manner that favors habitual control, but 
that lever insertion as a stimulus alone was not sufficient to produce habits when the rat controlled that insertion. 
Instead, behavioural autonomy appeared to be the more significant factor for preserving goal-directed control.

A surprising result from Experiment 1 was that during testing, the same light did not significantly invigorate 
responding. One possibility is that the audiovisual qualities of lever insertion were salient enough to overshadow 
the light and so it is possible that the light was not strongly associated with performance of the response. To avoid 
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this possibility, Experiment 2 examined behavioural control following training with more typical discriminated 
operant conditions where the lever is constantly present but responding is only reinforced when a discriminative 
stimulus (DS) is presented. This allowed investigation of whether habitual control would develop when a 
stimulus dictated when a response would be successful (and thus when it should be performed) beyond the 
specific example of lever insertion, While the DS procedure is of interest because it provides an opportunity for 
a stimulus to become associated with the response, thus allowing investigation of S-R learning, because rats earn 
and consume the outcome during the stimulus, it is possible that an association between stimulus and outcome 
(S–O) also forms. If so, stimulus presentations may affect responding during testing (e.g. potentially through a 
process akin to Pavlovian instrumental transfer17,18). To control for any impact of presenting a stimulus during 
testing, as well as to address the apparent importance of the animals’ ability to control lever access, Experiment 2 
included a free-operant group that had similar exposure to the stimulus and thus the opportunity to form a S–O 
association, but where the stimulus did not dictate when responding would be reinforced.

Habitual control following discriminated operant training is not the result of stimulus-
outcome learning
A summary of the behavioural design is presented in Fig. 2A. Rats (15 males) were divided into two groups, 
a discriminative stimulus (DS) group, and a free-operant (FO) group. For the DS group, the lever was always 
present but responding was only reinforced (after the completion of 5 presses) during the illumination of a light. 
This allowed for the elimination of the lever inserting and retracting throughout the training sessions. To be 
consistent with Experiment 1 and previous related literature, the duration of the DS was 6 s12.

The FO animals could respond at their own pace and completion of 5 lever-presses led to illumination of 
the light (6 s) and delivery of a food pellet which the animal could then collect and consume. This allowed for 
the stimulus to form an association with the earned outcome (S–O) and would serve to control for any impact 
of stimulus presentations during testing. If any S–O association that forms during DS training is important for 

Fig. 1.  Training where a light signals lever insertion results in behaviour that is insensitive to outcome 
devaluation. (a) Schematic of the training conditions in the Light and Lever groups. (b) The Lever group 
significantly reduced responding when the previously earned outcome was devalued by outcome-specific 
satiety. (c) The Light group failed to adjust instrumetnal responding when the earned outcome was devalued. 
There was no effect of interval (comparison of the 6 s interval containing the stimulus and the 6 s interval that 
preceded stimulus onset) in either group. “*” indicates a significant effect (p < 0.05).

 

Scientific Reports |        (2024) 14:30303 3| https://doi.org/10.1038/s41598-024-81309-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


disrupting sensitivity to devaluation at test, then the impact of stimulus presentation should be seen in both 
the DS and FO groups. However, if the DS’s relationship with the response (S-R) is the primary association 
that governs stimulus driven, habitual responding, then only the DS group should show impaired devaluation. 
We also predicted that the DS group would show more responding during the stimulus than in its absence. In 
contrast, we predicted that the FO group would reduce responding following outcome devaluation and that 
stimulus presentations would have little effect on behaviour.

Both groups acquired the instrumental response earning the maximum available outcomes throughout 
training, thus, no group differences existed. Next, animals underwent devaluation by outcome-specific satiety as 
described in Experiment 1. Consumption was equivalent between groups and data are reported in Supplementary 
Fig. S2. The test that followed was 5 min in duration and included eight, 6 s presentations of the light stimulus 
separated by 30 s interstimulus intervals to assess behavioural control in each group. Due to the nature of the 
training for the two groups, each had different response rates during the 6 s stimulus presentations of interest 
which breached the assumption of equality of variance. As such, we examined the effects of devaluation and 
stimulus presentations separately for each group. The FO group reduced responding when the outcome was 
devalued (Fig. 2b; F [1, 7] = 9.611, p = 0.017, ηp2 = 0.470), and responded less when the stimulus was present, 
compared to when it was absent (F [1, 7] = 9.145, p = 0.019, ηp2 = 0.079). There was no devaluation x interval 
interaction (F [1, 7] = 0.447, p = 0.525, ηp2 = 0.003). These results indicate that animals in the FO group were 
goal-directed during both pre-stimulus and stimulus intervals but also responded less during the stimulus 
presentations.

The DS group also showed a significant devaluation effect (Fig. 2c; F[1, 6] = 32.659, p = 0.001, ηp2 = 0.845), 
and an effect of interval (F [1, 6] = 24.521, p = 0.003, ηp2 = 0.803) characterized by significantly more responding 
in the 6  s stimulus interval relative to the 6  s baseline interval that preceded it. There was also a significant 

Fig. 2.  Training where a discriminative stimulus indicates when instrumental responding will be rewarded 
decreases sensitivity to outcome devaluation following extended training. (a) Schematic of the training 
conditions in the free operant (FO) and discriminative stimulus (DS) groups. During Test 1, both the FO group 
(b) and DS group (c) reduced responding following outcome devaluation. The FO group reduced responding 
during stimulus presentations relative pre-stimulus intervals, while the DS group increased responding during 
stimulus presentations. During Test 2, the FO group (d) continued to reduce responding following outcome 
devaluation. In contrast, for the DS group (e) the devaluation effect was no longer significant but responding 
increased significantly during stimulus presentations. “*” indicates a significant effect of devaluation (p < 0.05); 
# indicates a significant effect of interval (comparison of the 6 s interval containing the stimulus and the 6 s 
interval that preceded stimulus onset).

 

Scientific Reports |        (2024) 14:30303 4| https://doi.org/10.1038/s41598-024-81309-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


devaluation x interval interaction (F [1, 6] = 8.101, p = 0.029, ηp2 = 0.575), characterized by a larger effect of 
stimulus in the non-devalued condition.

The failure to find habitual control in the DS group might suggest that training with a stimulus that precedes 
availability of a response (as in Experiment 1) is particularly effective at promoting S-R learning and habitual 
control. However, others have found habitual control emerges with more extensive training12,19, thus both groups 
were trained for an additional 4 sessions and then tested again for sensitivity to outcome devaluation.

The second devaluation test yielded results consistent with the expected impact of extended training for the 
DS group only.

As shown in Fig.  2e, the DS group showed a significant effect of interval (F [1, 6] = 16.224, p = 0.007, 
ηp2 = 0.730) characterized by an increase in responding in the stimulus relative to the baseline interval preceding 
the stimulus. However, extended training resulted in loss of the devaluation effect (F [1, 6] = 4.662, p = 0.074, 
ηp2 = 0.437), consistent with the known effects of extended training on behavioural control. However, there 
remained a numeric decrease in responding following devaluation suggesting that goal-directed control was 
dampened but perhaps not eliminated with extended training in this group. There was no devaluation x interval 
interaction (F [1, 6] = 4.063, p = 0.090, ηp2 = 0.404).

As shown in Fig. 2d, the FO group still showed a significant devaluation effect (F [1, 7] = 23.477 p = 0.002 
ηp2 = 0.582) suggesting that the loss of sensitivity in the DS group was not due to repeated testing. There was 
no effect of interval (F [1, 7] = 0.397, p = 0.549, ηp2 = 0.006), and no devaluation x interval interaction (F [1, 
7] = 0.007, p = 0.936, ηp2 < 0.01.

Discussion
The current experiments extend the results from Thrailkill et al.12 and Vandaele et al.15 by demonstrating that 
the presence of discrete stimuli that signal when to respond can promote habitual control consistent with the 
long-held view that habits are the result of S-R associations. Experiment 1 found that animals trained where a 
light stimulus predicted lever availability (Light group) demonstrated habitual control. In contrast, animals that 
underwent the same amount of training where the reward lever was also inserted and retracted but under the 
animal’s control (Lever group) were goal-directed. This indicates that an animal’s level of behavioural autonomy 
is important for determining whether habits develop. Specifically, animals that control when to respond seem 
more resistant to the development of habits, while those without such control are more reliant on environmental 
stimuli to guide behaviour.

Experiment 1 was designed such that light preceded lever insertion, but necessarily, lever insertion was also 
an antecedent stimulus to lever availability. Thus, it is possible that lever-insertion rather than the light was 
the more salient stimulus and promoted habit formation15. Thrailkill et al.12 demonstrated that lever insertion 
did not support habitual control, measured as insensitivity to devaluation, more readily than a tone stimulus. 
However, they did find that animals acquired responding more quickly when trained with an inserting and 
retracting lever and that performance in this group (but not the tone-stimulus group) was resistant to change 
when the probability of reinforcement was changed, suggesting some unique properties of lever insertion. In line 
with this finding, in Experiment 2 where the lever was present throughout the training session but responding 
was only reinforced during the 6 s light, evidence of habits was only found after extended training suggesting that 
the light alone did not promote S-R learning as readily as lever-insertion. However, other procedural differences 
between the two experiments could also account for this effect (e.g. the light preceded the lever and response in 
Experiment 1 whereas animals responded during the stimulus in Experiment 2).

Another possible difference between the Light and Lever groups is that the light may have promoted sign-
tracking in the corresponding group which may have competed with lever pressing. Although this possibility 
could not be directly assessed as sessions were not videorecorded, this seems an unlikely explanation for the 
results since were the light to promote sign-tracking behaviour in some animals, any sensitivity to devaluation 
could still be observed in the stimulus-free intervals which was not the case. Additionally, phenomena such 
as the Simon effect suggest that the congruence between stimulus and response location is important for task 
performance20 and here the light was positioned on the opposite side of the chamber relative to the lever. Because 
the light was physically separated from the lever, and the audiovisual qualities of lever insertion are necessarily 
inextricable from the lever itself, this further suggests that the light had disadvantages for competing with lever 
insertion for association with the response.

Whatever the case, the salience of lever insertion does not necessarily mean that it has unique ability to 
become engaged in S-R habitual control as, importantly, the same lever insertion occurred for the Lever group, 
and this group demonstrated robust goal-directed control. Thus, whatever the salience of lever insertion, it alone 
cannot explain the group differences in behavioural control. An important difference between these groups 
was that the Lever group was self-paced. Since they could choose when to initiate responding, and presumably 
did so in pursuit of the reward lever and ultimately, reward, this may have served to maintain attention to 
the consequences of responding and thus, goal-directed control. In contrast, the uncontrollable trial structure 
and brief access to the lever in group Light may have been optimal for ‘triggering” responding, and promoting 
habitual control as it was predicted to do.

Experiment 2 explored behavioural control following training where a DS indicated when a lever response 
would be reinforced and compared this with a free-operant group where the same stimulus was paired with 
reward delivery to control for any influence of S–O associations during testing. The results support the idea that 
discriminated-operant conditions are more likely than free-operant conditions to promote habit development. 
While this effect was subtle and emerged only after extended training, which has been reported elsewhere to 
promote habitual control in free operant conditions as well1,5, it is important to note that the free operant group 
included here remained goal directed after the same amount of training, suggesting that the presence of the 
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stimulus that dictated when to respond allowed habits to form more quickly. Future experiments using yet 
further training may produce a more complete effect.

While Thrailkill et al.12 attempted to rule out conditioned reinforcement as an explanation by preventing 
stimulus offset from coinciding with outcome delivery, they did not control for the possibility that reinforcement 
within a DS interval could also allow a S–O association to form that may influence behaviour during testing. There 
is evidence that a DS is able to form an association with the earned outcome and that the outcome then mediates 
future responding. Colwill and Rescorla21,22found that a DS was capable of selectively enhancing a separately 
trained instrumental response provided that it earned the same outcome as the original response trained under 
that DS. Although Colwill and Rescorla trained multiple responses that earned distinct rewards and outcome-
specific associations may be more likely to form when animals are trained with multiple outcomes23,24, these data 
suggest a DS can become associated with the outcome. We attempted to control for this possibility in Experiment 
2. Despite animals in the DS and FO groups having equal exposure to the stimulus, and each had the opportunity 
to form an S–O association, no effect of stimulus presentation was observed in the FO group, indicating that the 
S–O association had little influence on behaviour, at least under our training parameters. It is possible that the 
timing of reward delivery relative to stimulus onset produced weaker S–O learning in the FO group. In the DS 
group, following stimulus onset, rats had to press the lever 5 times to earn reward which would impose a delay 
between stimulus onset and reward receipt although reward still occurred during the stimulus. In contrast, in 
the FO group, stimulus onset and activation of the pellet dispenser were programmed to occur simultaneously. 
However, the animal still had to collect and consume the pellet and so in practice there was also a delay between 
stimulus onset and reward receipt though it was likely shorter than in the DS group. Since delay conditioning 
is generally expected to produce stronger learning that simultaneous conditioning, these differences in timing 
may have affected the strength of conditioning in the two groups. On the other hand, the intervening event of 
lever-pressing that occurred between stimulus onset and reward receipt in the DS group might also be expected 
to undermine formation of any S–O association in favour of the S-R association.

There are a number of limitations and directions for future research from these two experiments. 
Future research should further examine habitual control in paradigms with distinct R-O associations under 
discriminated control (e.g. S1:R1-O1, S2:R2-O2). Finding S-R habits in animals trained with distinct R-O 
associations would enhance validity of animal models of habits as in real-world situations, habits form even 
though animals (including humans) perform many different behaviours to achieve various outcomes. Another 
limitation was that while Experiment 1 included half male and female animals, Experiment 2 included only 
males. While no sex differences were observed in Experiment 1, it should nevertheless be considered in future 
studies given the increasing recognition of the importance of including sex as a biological variable in biomedical 
research25,26. Finally, it would be of interest to better understand whether habits trained with these conditions, 
once established, can be disrupted to restore goal-directed control. Thrailkill et al.12,13found that responding 
during a DS was resistant to habit formation when the rats were only reinforced on half of the trials suggesting 
that the predictability of reinforcement is critical for habit formation and that partial reinforcement maintains 
attention to the consequences of behaviour, thus promoting goal-directed control. Future experiments could 
extended the results of Experiment 1 and assess whether training where a stimulus dictates when to respond but 
where reinforcement is variable still leads to habitual control. Pierce-Messick and Corbit10 found that for animals 
trained under free operant conditions, where the context itself is likely to serve as the stimulus that forms an 
S-R association with extended training, exposing animals to the training context without the lever available 
restored goal-directed control. These results suggest established habits may be broken by altering the predictive 
relationship between a stimulus (the context or a DS) and a response. Thus, future experiments should test 
whether exposure to the Light or DS used here when the lever is absent restore goal-directed control.

Overall, our results provide further insight into how the presence of discrete stimuli during instrumental 
learning alters the nature of behavioural control that forms and provide some direct evidence that S-R associations 
underlie such behavior. This is important because while often suggested, evidence for such associations is rarely 
direct. Adding a stimulus that immediately precedes the opportunity to respond or dictates when to respond 
allows investigations of how stimuli direct responding. The observation that such stimuli promote habitual 
control in animals that do not have the ability to control response opportunity is consistent with the view that 
habitual responses are triggered by antecedent stimuli. Of note, when animals were trained with the same stimuli 
present, but where they did not dictate when to respond, animals remained goal-directed after the same amount 
of training. This suggests that the mere presence of stimuli does not ensure S-R learning or habitual control. 
Rather, when stimuli inform when to respond, attention is likely focused on detecting the next stimulus (and not 
contemplation of the outcome) which then impacts the relationships that are encoded.

These findings are important for advancing our understanding of behavioural control, both from the 
perspectives of effectively modeling habits in animal models, as well as understanding how habits are expressed 
in humans and relate to relevant psychopathologies such as substance use disorders. It is important to refine 
the way that we model habits by focusing on positive evidence for habits and S-R learning, rather than relying 
heavily on a failure to observe the devaluation effect4. These findings also have implications for how humans may 
be able to adjust tharticularly when long-practiced behaviours have become entrenched, yet an individual has 
the desire to break unwanted habits. Treatments that target learned S-R associations may be more effective in 
producing behaviour change than those that focus on goals if goals are not what drive the behaviour in question.

Methods
All procedures were approved by the Animal Care Committee at the University of Toronto and performed in 
accordance with ethical standards and guidelines established by the Canadian Council on Animal Care and are 
reported in accordance with ARRIVE guidelines (https://arriveguidelines.org).
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Subjects
Sixteen adult Long Evans rats (8 male, 8 female; Charles River, St. Constant, QC, Canada) were used in 
Experiment 1 and one was excluded from final analyses because they did not acquire the instrumental response. 
Sixteen male Long Evans were used in Experiment 2. Rats were housed in pairs in individually ventilated cages 
in a room maintained on a 12:12 light/dark cycle with lights on at 7am. Animals were trained and tested during 
the light phase. Rats had free access to water and environmental enrichment (e.g. cages with two levels, red tubes, 
woodblocks, nyla bones) while in the home cage.

Apparatus
Training took place in operant chambers (Med Associates, East Fairfield, Vermont) housed within sound- and 
light-attenuating shells. The chambers were equipped with pellet dispensers that, when activated, delivered a 
45  mg pellet (grain-based formula, BioServ FO165; chocolate sucrose formula; TestDiet 5TUT) into a food 
magazine. The chambers contained two retractable levers that could be inserted to the left and right sides of 
the magazine and two key lights (Med Associates, ENV-221 M-LED, white color 2.5 cm diameter), one above 
each lever (3 cm from lever to light base). A 3 W, 24 V house light mounted on the wall opposite the lever and 
magazine illuminated the chamber. Computers equipped with MED-PC software (Med Associates) controlled 
the equipment and recorded responses.

Statistics
Devaluation test data were analyzed using mixed-model analysis of variance (ANOVA). Lever pressing data from 
the devaluation tests were assessed for normality using the Shapiro–Wilk test. Experiment 2 yielded a significant 
Shapiro–Wilk p-value in the devalued condition, indicative of a breach in normality. This was not solved by 
performing a log transformation on the data. Inspecting the data, however, yielded a statistical outlier (using 
the interquartile range × 1.5 method); removal of this rat corrected the breach of the assumption of normality.

Magazine training
Three days prior to training, access to home cage chow was restricted to maintain rats at 90% of their free feeding 
weight to motivate them to respond for food pellets. One day prior to the start of training, rats were exposed 
to the grain and chocolate pellets used in the experiment in the home cage. This was done by putting 1 g of 
each pellet type in the rats’ home cages in such a way that an experimenter could monitor the rats and verify 
that each cage-mate (as they were dual housed) consumed both outcomes. Rats were randomly assigned to two 
groups that would earn grain or chocolate pellets throughout training. During magazine training, each animals’ 
assigned outcome was delivered on a random time (RT) 60 s schedule for a 10 min long session. The house light 
was illuminated but levers were not available during this session.

Lever training
Experiment 1
Sessions terminated once 20 outcomes were earned or 60 min elapsed, whichever was reached first. All rats were 
first trained to press the reward lever. In the first session each response was rewarded. Thereafter, responding 
was reinforced according to random ratio (RR) schedules (two days of RR5 and four days of RR10). During 
this training the reward lever was constantly present (i.e. it did not extend and retract). After this initial phase 
of training, responding was relatively stable and rats were divided into two groups (Light and Lever) based 
on their total responses for the last day of RR10 training. For this initial phase of training, there were no 
differences between groups, (F [1, 12] = 0.008, p = 0.932, ηp2 < 0.01), no effect of sex, (F [1, 12] = 0.264, p = 0.617, 
ηp2 = 0.022), and no sex x group interaction, (F [1, 12] = 1.241, p = 0.287, ηp2 = 0.094).

For the second phase of training (8 days), animals in both groups now experienced the reward lever extending 
and retracting.

For group Light, the light located to the right of the magazine would illuminate for 6 s, and at its termination, 
the reward lever would extend. The 6 s stimulus duration was selected based on Thrailkill et al.12 and satisfied 
some of our aims, such as having a stimulus that was brief enough to be presented in serial (stimulus→ lever 
extension) and therefore served as an antecedent stimulus, but the presentations were also long enough to 
evaluate changes in responding during presentations of this stimulus at test. Light trials were separated by a 
variable intertrial interval (ITI) that averaged 33 s (range 15–60 s). To minimize the difference in session length 
between groups, the average ITI for the Lever group was calculated each day and used as the ITI for the Light 
group on the subsequent day and as a result, the ITI reduced daily for both groups as the Lever group completed 
the session more quickly. On day 1, the average ITI was 60 s, and by the final day, the average ITI was only 15 s. 
Because of this lagged procedure, the experienced ITI was slightly longer in the Light group (see Supplementary 
Fig. 1). Responding on the reward lever yielded a pellet based on a RR10 schedule and would then retract.

For the Lever group, a second distinct lever was available throughout the entire session and responding on 
this lever five times resulted in the reward lever being inserted into the chamber. Once a pellet was earned by 
responding on the reward lever (RR10), the reward lever was retracted, and rats were required to press the distal 
lever to gain access to the reward lever again. Responding on the distal lever while the reward lever was present 
had no consequences. Responses on the reward lever were stable across the 8 days of training for both groups 
with all animals earning the maximum possible rewards (20) each day, and no significant effects or interactions 
were observed (largest F-values, day x group F [7, 77] = 1.108, p = 0.367, ηp2 = 0.092; day x sex F [7, 77] = 1.721, 
p = 0.116, ηp2 = 0.135; all other F’s < 1). One animal in group Lever failed to acquire the task and was excluded.

Devaluation testing was conducted by allowing animals to pre-feed on either the outcome that they earned 
during training (e.g. grain pellets; devalued) or a different outcome that they had not earned during training (e.g. 
chocolate pellets; non-devalued), counterbalanced across animals8. Animals were offered 15 g of reward pellets 
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and given 1 h access to the food. Consumption data are included as Supplementary data. Then, animals were 
placed into their training chambers for the devaluation test which occurred in extinction. During this test, the 
reward lever was extended and lever pressing was recorded. Six s presentations of either the light stimulus (for 
Group Light) or the distal lever (for Group Lever) occurred eight times, with a fixed 30 s inter-stimulus interval 
between presentations. Animals were tested two times on separate days to allow for within-subject comparisons 
of responding following pre-feeding on rats’ earned outcomes (devalued condition) or the different outcome 
(non-devalued condition).

Experiment 2
Following magazine training as in Experiment 1, rats had an initial lever training session with continuous 
reinforcement (CRF) that terminated once 20 outcomes were earned or 60 min elapsed. Following this, animals 
were separated into two groups, the DS group and the FO group. After the initial acquisition session, the DS 
group received one session where the lever was made available only during DS (6 s light) presentations and each 
response was reinforced. Thereafter, the lever was always available throughout sessions and responding was only 
reinforced in the presence of the DS. The DS group received one day of training where responding during the 
stimulus was reinforced on a CRF schedule followed by two days on a FR3 schedule before being advanced to 
FR5. Animals in the FO group were able to respond freely, and the same stimulus (6 s light) was presented at 
the time of reward delivery which allowed for evaluation of how any S–O association may impact performance 
during testing. Animals in the FO group received the same number of CRF, FR3, and FR5 sessions as the DS 
group and training continued for all animals until the DS group demonstrated stable discriminative control of 
responding (19 days).

The ITI for DS presentations was initially programmed to average around 30 s. This short ITI was selected to 
minimize group differences in the total time spent in the chamber and was also used in Thrailkill et al.12 for some 
groups trained under a similarly short (6 s) DS (Experiments 2 & 3). However, after 9 days of training with this 
ITI, animals in the DS group showed poor discriminative control. Therefore, 10 additional days of training were 
conducted with a ~60 s ITI to facilitate discrimination. By the final 2 days of training rats responded significantly 
more during the 6 s DS interval (day 18, M = 96.429, SE = 6.121; day 19, M = 92.143, SE = 6.906) relative to pre-
stimulus intervals of the same length (day 18, M = 66.857, SE = 10.951; F [1, 6] = 12.195, p = 0.013, ηp2 = 0.670; 
day 19, M = 65.571, SE = 11.769, F [1, 6] = 9.373, p = 0.022, ηp2 = 0.610). Animals in the FO condition received 
the same number of training sessions and had the same number of response – outcome pairings during the FR5 
phase of training (380). All animals in the FO group earned the maximum number of outcomes (20) available in 
each session which corresponded with 100 lever presses each session.

Devaluation tests were conducted as described for group Light in Experiment 1, that is, the lever was present 
throughout and every 30  s the light was illuminated for 6  s. Each test contained 8 such light presentations. 
After the first round of devaluation tests, all rats received an additional 4 training sessions (plus one session 
between test 1 and 2 for a total of 24 sessions and 456 reinforced responses) to see if additional training would 
alter devaluation performance in line with the established impact of extended training in promoting habitual 
control12.

Data availability
Raw data for all results presented in this manuscript are included as supplemental files.
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