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Sign-tracking behavior is sensitive to outcome
devaluation in a devaluation context-dependent
manner: implications for analyzing habitual behavior
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Motivationally attractive cues can draw in behavior in a phenomenon termed incentive salience. Incentive cue attraction is

an important model for animal models of drug seeking and relapse. One question of interest is the extent to which the

pursuit of motivationally attractive cues is related to the value of the paired outcome or can become unrelated and habitual.

We studied this question using a sign-tracking (ST) paradigm in rats, in which a lever stimulus preceding food reward comes

to elicit conditioned lever-interaction behavior. We asked whether reinforcer devaluation by means of conditioned taste

aversion, a classic test of habitual behavior, can modify ST to incentive cues, and whether this depends upon the

manner in which reinforcer devaluation takes place. In contrast to several recent reports, we conclude that ST is indeed

sensitive to reinforcer devaluation. However, this effect depends critically upon the congruence between the context in

which taste aversion is learned and the context in which it is tested. When the taste aversion successfully transfers to the

testing context, outcome value strongly influences ST behavior, both when the outcome is withheld (in extinction) and

when animals can learn from outcome feedback (reacquisition). When taste aversion does not transfer to the testing

context, ST remains high. In total, the extent to which ST persists after outcome devaluation is closely related to the

extent to which that outcome is truly devalued in the task context. We believe this effect of context on devaluation can

reconcile contradictory findings about the flexibility/inflexibility of ST. We discuss this literature and relate our findings

to the study of habits generally.

[Supplemental material is available for this article.]

Environmental stimuli that predict rewards can become motiva-
tionally attractive, drawing in behavior in a psychological phe-
nomenon termed incentive salience. This incentive motivation
for cues occurs naturally in “sign-tracking” (ST), in which animals
engage in appetitive behavior that is directed toward the cue itself
(Brown and Jenkins 1968), instead of toward the site of reward
delivery (“goal-tracking” (GT); (Boakes 1977). For example, when
rats are presented with the extension of a physical lever as a condi-
tioned stimulus (CS) that precedes food delivery, some animals
sign-track to the CS lever by approaching and interacting with it
rather than going to the source of impending food delivery.

The motivational attraction to reward-predictive cues, which
occurs in ST, has drawn considerable interest by neuroscientists
working to understand the brain basis of incentive salience. It is
thought that the process is normally adaptive, such that animals
become drawn to cues predictive of valuable resources, like food.
There is also evidence that ST can becomemaladaptive and inflex-
ible in certain circumstances, leading to compulsive-like behaviors.
A striking example ofmaladaptive behavior occurs inmodels of ad-
diction. Notably, the acquisition andmaintenance of ST behavior,
but not GT behavior, depends on dopamine receptor activation in
the nucleus accumbens core (Flagel et al. 2011; Saunders and
Robinson 2012), and accumbens dopamine signaling has long
been linked to the reinforcing properties of drugs and as well as
the maintenance of drug-seeking behaviors. For example, the pro-
pensity for rodents to exhibit ST behavior correlates with height-
ened locomotor sensitization to dopaminergic drugs of abuse

(Flagel et al. 2008), primed reinstatement to drug seeking as amod-
el of relapse (Saunders and Robinson 2010, 2011), and the likeli-
hood that an animal will endure punishment (crossing an
electrified floor) to seek cocaine during a cued-reinstatement test
(Saunders et al. 2013).

Beyond the link of ST to addiction, ST for an appetitive reward
itself can develop signs of inflexibility and habit-like behavior. For
instance, pigeons exposed to an illuminated key light followed by
food delivery at the other end of a chamber will peck at the key
light at the expense of being able to retrieve the food reward at
the opposite end (Hearst and Jenkins 1974). ST can also persist in
rodents when doing so results in food reward omission (Locurto
et al. 1976; Chang and Smith 2016). Such behavioral and neural
markers of ST behavior have given rise to the notion that GT is a
behavior that relies more heavily on a goal-directed, “model-
based” strategy, while ST relies more on a stimulus-driven, “model-
free” and dopamine-dependent strategy (Lesaint et al. 2014, 2015),
akin to a habit. This idea—that ST behavior ismodel-free, stimulus-
driven, and habit-like—carries a clear experimental implication.

A key feature of habitual or model-free behavior is that it per-
sists despite changes to the value of the outcome that it precedes
(Dickinson and Balleine, 1994). Thus, ST behavior should also occur
independently of outcome value. A series of recent studies have exam-
ined the persistence of ST/GT behavior using a method whereby a
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previously rewarding outcome like food is made less rewarding
(typically by pairing it with injections of a nauseagenic drug, for
example, lithium chloride (LiCl)). Animals are then tested to deter-
mine whether they continue to perform the behavior related to
this now-devalued outcome in extinction conditions. In some
studies, ST behaviors persist and appear to be habitual. Several re-
cent studies support the conclusion that ST behavior in rodents,
and ST-like behavior in humans, is resistant to change and is gen-
erally unaltered by changes in outcome value (Morrison et al. 2015;
Nasser et al. 2015; Patitucci et al. 2016; De Tommaso et al. 2017;
Vandaele et al. 2017; Smedley and Smith 2018).

However, there are notable exceptions. Davey and Cleland
(1982) and Robinson and Berridge (2013) have demonstrated ro-
bust and even immediate effects of reward revaluation on ST
behavior, showing that ST can exhibit considerable flexibility
more in linewith amodel-based behavioral ormotivational system
(Dayan and Berridge 2014). Of particular note, (Derman et al.
2018) recently found evidence directly in conflict with the above
studies. They showed that STbehavior can in fact display sensitivity
to outcome devaluation. Collectively, there appears to be evidence
for ST to be both flexible and inflexible, and both outcome-
sensitive and outcome-insensitive. Understanding which is true,
or, more specifically, why opposing outcome devaluation effects
are found, carries importance for interpreting ST. Since variations
in outcome devaluation sensitivity also occur in more traditional
instrumental tasks such as lever pressing or maze running, this
question is potentially a broadly important one.

Focusing on the outcome-devaluation assay for behavioral
flexibility/inflexibility, we have noted in our own work and in
the literature that the devaluation procedure itselfmight play ama-
jor role in the test outcome. In other words, variation in how (more
specifically,where) the reward-LiCl pairings are done can lead to an
impression that ST is either inflexible and outcome-insensitive, or
that ST is flexible and outcome-guided. Thus, we undertook a series
of experiments aimed to clarify the effect of devaluation on ST
behavior, and the role the reward-LiCl pairing environment has
on subsequent devaluation sensitivity in ST. Attention was paid
to how devaluation in or out of the task chamber transferred to
in-task ST behavior as well as to the in-task value of the reward it-
self. In Experiment 1, we examined the effect of a novel outcome
devaluationprocedure on postdevaluation ST rates using a discrim-
inative two-lever CS conditioning design. We found that ST was
devaluation-sensitive with this protocol. In Experiment 2, we de-
termined whether LiCl injections alone in the task context could
account for the efficacy of this procedure: they could not.
Experiment 3 extended the findings from Experiment 1 to nondis-
criminative single-lever CS preparations. Finally, in Experiment 4,
we directly compared the effects of devaluation when it was ad-
ministered inside or outside of the task environment, which turns
out to play a critical role. Altogether, we provide evidence that
ST can show sensitivity to reinforcer devaluation and conclude
that ST is mediated a great deal by its relationship with the
value of the rewarded outcome. These results carry broad impli-
cations in the sense that the location of devaluation procedures
can carry great consequence for determining whether behaviors
are outcome-sensitive (model-based, goal-directed) or outcome-
insensitive (model-free, habitual).

Results

Experiment 1
Experiment 1 directly assessed outcome-devaluation sensitivity of
ST behavior. See Figure 1A for a schematic of the experimental pro-
cedures. Rats (n=16) were given a magazine training session fol-
lowed by 12 daily sessions of ST training where a lever cue (CS+)

was presented for 10 sec followed by the delivery of two grain pel-
lets.We used two pellets as reward because on a rare occasion a pel-
let does not get delivered by the device, so using just one can lead to
the odd trial where a pellet is not delivered. Further, we adopted the
same procedure that we have used previously, in order to more
directly compare our results to past studies (Chang et al. 2015,
2018; Smedley and Smith 2018; Smedley et al. 2019). A second
lever was presented on separate trials but was not predictive of re-
ward (CS−). 25 CS+ and 25 CS− trials were administered during
each session with an average intertrial interval (ITI) length of 60
sec. Predevaluation probe sessions consisting of a brief extinction
session (5 CS+, 5 CS− presentations) and a fully rewarded reacquisi-
tion session (25 CS+, 25 CS−) were conducted to establish baseline
response levels before proceeding to outcome devaluation. After
training, rats were behaviorallymatched as determinedbymean re-
sponse rates and split into two groups, Group LiCl-Pellet (n=8),
which received pellet reinforcers and then LiCl injections during
devaluation, and Group Saline-Pellet (n=8), which received pellet
reinforcers and then saline injections during devaluation. A hybrid
devaluation approach was used where outcome devaluation was
conducted in transport chambers for two sessions then conducted
in operant chambers for subsequent sessions. Postdevaluation
probe sessions, structured similarly to predevaluation probes,
were then conducted. Magazine entry data throughout the experi-
ment was examined and all figures and statistics can be found
in Supplemental Figure 1 and Supplemental Table 1. If ST behavior
is guided by outcome value, then rats given LiCl-reward pairings in
this multienvironment way should show significantly decreased
lever-pressing behavior when compared to saline controls.

Acquisition
The mean presses per minute (ppm) over the course of training is
presented in Figure 1B. To compare rates of responding, a linear
mixed model using ppm as the dependent variable and fixed ef-
fects of CS type, group, and logarithmic session (sessions 1–12;
logSession) as well as an interaction between CS type, group, and
session with random intercepts for individual animals and learn-
ing curves were included. The logarithmic fit of session produced
a model with a lower Akaike information criterion (AIC, 2824.5)
than a model using linear session (2837.0).

There was no significant effect of Group (estimate: 0.79 ppm;
confidence interval (CI):−2.63–4.22;P=0.66), showing thatGroup
Saline-Pellet and Group LiCl-Pellet did not differ on average in
ppm. There was a no effect of logSession (estimate: 0.94 ppm; CI:
−0.97–2.85; P=0.35), showing no overall increase in lever presses
over training. Importantly, there was a significant effect of CS-
type (estimate: 5.75;CI: 3.57–7.92;P<0.001) and a significant inter-
action between CS-type and logSession (estimate: 3.64; CI: 2.44–
4.84; P<0.001). Further, there was not a significant Group by
logSession interaction (estimate: −0.40; CI: −2.32–1.51; P=0.68)
nor Group by CS-type interaction (estimate: −0.77; CI: 2.94–1.41;
P=0.49). There was not a significant CS-type by Group by
logSession interaction (estimate: 0.22; CI: −0.98–1.41; P=0.724).
Magazineentriesmadebygroups similarlydecreased tovery low lev-
els over the course of the training sessions (Supplemental Fig. 1A).

Together, these results indicate that animals readily discrimi-
nated between the CS+ and CS−, as manifested in the number of
lever presses made during respective presentations of these stimuli
throughout training, and that there was no difference between the
groups in how they interacted with the CS+ and CS− as a function
of training sessions.

Outcome devaluation
Rats received two devaluation pairings in transport boxes, and the
following three pairings in operant chambers. This was done to
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encourage generalization of the learned aversion to the testing
context (operant chambers). The mean percentage of pellets con-
sumed during each day of outcome devaluation is presented in
Figure 1C. A generalized linearmixedmodel was created to analyze
fixed effects of Session, Group, and Group by Session interaction
with random intercepts for individual rats.

Here, there were effects of Session (odds ratio (OR): 0.65,
CI: 0.55–0.76, P<0.001), Group (OR: 598.90, CI: 306.84–
1168.97, P< 0.001), and a significant Group by Session interaction
(OR: 4.31, CI: 3.67–5.07, P<0.001). Thus, Group Saline-Pellet was
farmore likely to consumepellets thanGroup LiCl-Pellet onDay 5,
the final day of outcome devaluation. Additionally, pellet con-
sumption across all animals became less likelywith each successive
session and animals in different groups changed their pellet con-
sumption differently over sessions, as indicated by the significant
interaction between Group and Session. Interestingly, there was
a relative increase in the proportion of pellets consumed from
Day 2 toDay 3 of outcome devaluation inGroup LiCl-Pellet, which
was the first session of outcome devaluation conducted in the op-
erant chambers. AWilcoxon signed rank test revealed that animals

in Group LiCl-Pellet significantly increased their pellet consump-
tion between these 2 d (V=1, P=0.021), suggestive of poor
taste-aversion generalization from transport boxes back to the op-
erant chambers.

Devaluation sensitivity in extinction
Responding during pre- and postdevaluation extinction sessions
was compared. Predevaluation ST rates by group and session are
presented in Figure 1D. A linear mixed model using response rates
as the dependent variable and fixed effects of Group, Session, and
the interaction betweenGroup and Sessionwith randomeffects for
individual rat starting points was created. There was a significant
effect of Group (estimate: 40.20, CI: 8.44–71.96, P=0.022), but
no effect of Session (estimate: 10.95, CI: −3.16–25.06, P=0.148).
However, there was a significant interaction between Group
and Session (estimate: −32.10, CI: −52.05–(−12.15), P=0.006).
There was slight increase inmagazine entriesmade over extinction
sessions, but there was no effect of group, nor an interaction be-
tween group and session, was observed (Supplemental Fig. 1B).

B

A

C

D E F

Figure 1. ST behavior was sensitive to outcome devaluation. (A) Timeline of experimental procedures: magazine training (Mag), predevaluation extinc-
tion session (E1), predevaluation reacquisition session (R1), postdevaluation extinction session (E2), and postdevaluation extinction session (R2).
(B) Sign-tracking behavior did not differ between groups on a discriminative sign-tracking protocol over the course of 12 training sessions. Groups
readily discriminated between the CS+ and CS− and adjusted responding (presses per minute, ppm) accordingly. (C) Outcome devaluation conducted
over the course of five sessions. Sessions 1 and 2, to the left of the dashed line, were conducted in external holding chambers distinct from operant cham-
bers. Sessions 3 and 4 were conducted in operant chambers. Session 5, to the right of the solid line, was conducted in operant chambers but no lithium
chloride was administered following pellet presentation as minimal pellets were consumed. (D) Sign-tracking rates (ppm) during 5-min extinction tests pre-
and postdevaluation show that Group LiCl-Pellet significantly decreased sign-tracking to the lever following devaluation. (E) Sign-tracking rates (ppm)
during fully rewarded sessions show the same drop following outcome devaluation in Group LiCl-Pellet. (F) Pellet consumption during the pre- and post-
devaluation reacquisition sessions. Predevaluation, all animals consumed all pellets, as expected. Postdevaluation, animals in Group Saline-Pellet continued
to consume all pellets while animals in Group LiCl-Pellet significantly decreased pellet consumption, indicating that outcome devaluation was successful.
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Magazine entries remained very low. Together, these data indicate
that, across the pre- and postdevaluation extinction test days,
Group Saline-Pellet displayed more ST behavior than Group
LiCl-Pellet but there were equivalent levels of ST between sessions.
Ultimately, the interaction between Group and Session shows the
differential drop in ST behavior between Group LiCl-Pellet and
Group Saline-Pellet over sessions that is indicative of sensitivity
to outcome devaluation.

Devaluation sensitivity in reacquisition
Next, responding during pre- and postdevaluation reacquisition
sessions was compared. Predevaluation ST rates in reacquisition
are presented in Figure 1E. A linear mixed model was created as
above. The results here were similar to those seen for extinction
test days, as there was a significant effect of Group (estimate:
25.11, CI: 1.95–48.28, P=0.043), but no effect of Session (estimate:
6.19, CI: −3.22–15.61, P=0.215). However, there was a significant
interaction between Group and Session (estimate: −25.14,
CI: −38.46–(−11.83), P=0.002). The two groups differed over
time in how they changed their ST rates, with Group LiCl-Pellet
showing less ST than Group Saline-Pellet after devaluation.
Magazine entries were also examined; they were low and we did
not observe any effects (Supplemental Fig. 1C).

To confirm the thoroughness of the outcomedevaluationpro-
cedure, the number of pellet reinforcers remaining in magazine
food cups following the postdevaluation reacquisition test was
recorded and are presented in Figure 1F. As these data are not nor-
mallydistributed, aWilcoxonrank-sumtestwithcontinuity correc-
tion was performed and revealed a significant effect of Group (W=
64, P<0.001),meaning that animals inGroupLiCl-Pellet ate signif-
icantly less than animals in Group Saline-Pellet during the postde-
valuation reacquisition probe session.

Overall, these data show that the outcome devaluation proto-
col used here significantly decreased ST rates of animals in the
LiCl-paired condition. This was true both in extinction and during
rewarded reacquisition sessions and is further supported by ani-
mals’ rejection of pellets during the postdevaluation reacquisition
test.

Experiment 2
In the previous experiment, rats given LiCl injections decreased
their ST rate compared to animals given saline. The possibility re-
mains that animals experiencing LiCl injections in the condition-
ing chambers could have developed a general aversion or fear
response to the chamber context. If animals developed a condi-
tioned aversion to the chambers due to the LiCl experience alone,
it could manifest as decreased ST during the test sessions. To test
this possibility, rats in Experiment 2 (n=16) underwent training
as before. For the devaluation procedure, all rats received LiCl injec-
tions in the holding boxes for the first two injections and condi-
tioning chambers for the last three injections (as in Experiment
1). Half of the subjects were given pellet reinforcers before each in-
jection (Group LiCl-Pellet, n=8), while the other half of the sub-
jects received nothing before injection (Group LiCl only, n=8).
Magazine entry data throughout the experiment was examined
and all figures and statistics can be found in Supplemental Figure
1 and Supplemental Table 1. If an aversion to the devaluation con-
text (conditioning chambers included) was responsible for the de-
creased ST we observed in Experiment 1, then in Experiment 2
both groups should show a similar decrease in ST after extinction.

Acquisition
The mean ppm over the course of training are presented in Figure
2B. The same linear mixed model structures used in Experiment 1

were used here to compare CS+ and CS− responding between
groups over time.

There was no effect of Group (estimate: 0.95 ppm; CI: −1.71–
3.62; P=0.49) but there was a significant effect of logSession (esti-
mate: 2.62 ppm; CI: 0.69–4.56; P=0.015). Importantly, there was a
significant effect of CS-type on responding (estimate: 3.99; CI:
1.40–6.57; P=0.003). There were not significant interactions be-
tween Group and logSession (estimate: −0.42 ppm; CI: −2.36–
1.52; P= 0.674) nor Group and CS-type (estimate: 1.01; CI:
−1.58–3.59; P=0.45), meaning that Group LiCl-Pellet and Group
LiCl-Only did not differ in how they increased lever interaction
rates over training sessions nor in their preferential interaction
with the CS+ over the CS−. However, there was a significant inter-
action between CS-type and logSession (estimate: 4.60; CI: 3.18–
6.02; P<0.001), showing that CS+ interactions increased over
training sessions. Finally, there was no significant interaction be-
tween CS-type, Group, and logSession (estimate: −0.94; CI:
−2.36–0.48; P=0.20), showing that both groups similarly in-
creased responding on the CS+ over sessions. Additionally, maga-
zine entries made by animals in both groups similarly decreased
over sessions (see Supplemental Fig. 1D).

Outcome devaluation
Devaluation procedureswere the same as in Experiment 1,with the
exception that Group LiCl-Only received no pellets before LiCl in-
jections. The mean percentage of pellets consumed on each deval-
uation day by group is presented in Figure 2C. Because animals in
Group LiCl-Only did not receive any pellets, their consumption
could not be analyzed. Therefore, analysis of consumption for
Group LiCl-Pellet alonewas conducted. A generalized linearmixed
model with fixed effect of Session and random intercepts for indi-
vidual rats was created.

This model revealed an effect of Session (OR: 0.34, CI: 0.30–
0.38, P<0.001), indicating that, as sessions progressed, the like-
lihood of pellet consumption decreases. Similar to Experiment
1, there is a relative increase in the proportion of pellets con-
sumed from Day 2 to Day 3, the first day that animals were given
pellet access in operant chambers during outcome devaluation
(V=0, P=0.014), indicating that animals may not have fully
generalized the taste aversion from one devaluation context to
the other.

Devaluation sensitivity in extinction
CS+ responding during pre- and postdevaluation extinction ses-
sions are compared in Figure 2D. A linear mixedmodel was created
as above. There was no effect of Group (estimate: 21.65, CI: −4.57–
47.87, P=0.115) or Session (estimate: −3.55, CI: −12.77–5.67, P=
0.461), but there was a significant effect of the interaction between
Group and Session (estimate: −14.90, CI: −27.93–(−1.87), P=
0.040). Magazine entries were also examined with no effects ob-
served (see Supplemental Fig. 1E). These data indicate that, surpris-
ingly, there was equivalent levels of ST both across days and
between groups overall. However, importantly, the significant in-
teraction is evidence that devaluation was sufficient to drive a dif-
ferential change in ST between groups over time.

Devaluation sensitivity in reacquisition
Next, CS+ responding during pre- and postdevaluation reacquisi-
tion sessions are compared in Figure 2E. There was an effect of
Group (estimate: 24.69, CI: 2.89–46.49, P=0.034), but no effect
of Session (estimate:−1.52, CI:−9.16–6.12, P=0.702), and a signif-
icant interaction between Group and Session (estimate: −22.47,
CI: −33.28–(−11.66), P=0.001). There was slight increase in maga-
zine entries made during reacquisition sessions over sessions, but
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no effect of group, nor an interaction between group and session,
was observed (and entries were low in number; Supplemental
Fig. 1F). These results show that Group LiCl-Pellet decreased ST
in reacquisition to a greater extent than Group LiCl-Only.

Figure 2F shows pellet consumption during reacquisition. A
Wilcoxon rank-sum test with continuity correction shows a signif-
icant effect of Group on pellets consumed (W=64, P<0.001), re-
flecting a far greater rejection in Group LiCl-Pellet compared to
Group LiCl-Only.

Overall, these data show that the outcome devaluation proto-
col used significantly decreased ST rates of animals selectively in
the reinforcer-paired condition.

Experiment 3
Experiments 1–2 used a discriminative stimulus training paradigm,
which included the presentation of CS+ (food-paired) and

CS− (nonpaired) levers. Our group and others have used this dis-
criminative ST procedure to study the neural and behavioral basis
of ST (Chang et al. 2012, 2015; Holland et al. 2014; DeAngeli et al.
2017). Another line of research to study incentive motivation has
used a single-lever CS+ paradigm, where no CS− is presented (Day
et al. 2006; Flagel et al. 2007; Robinson and Flagel 2009; Tomie
et al. 2012; Fitzpatrick et al. 2013). For this experiment, we sought
to determine whether the sensitivity of ST behavior to reward
devaluation described above also extends to the single lever CS+
paradigm. To do so, we compared the sensitivity of ST to reward
devaluation in a manner identical to Experiment 1 with a single
CS+ lever design between groups LiCl-Pellet (n=8) and
Saline-Pellet (n=8). For these sessions, therewere 25 trials inwhich
only the CS+ lever was inserted and the ITI was the same as before
(60 sec). Magazine entry data throughout the experiment
was examined and all figures and statistics can be found in
Supplemental Figure 1 and Supplemental Table 1.

B

A

C

D E F

Figure 2. ST sensitivity to outcome devaluation was not a product of generalized negative affect following outcome devaluation. (A) Timeline of exper-
imental procedures: magazine training (Mag), predevaluation extinction session (E1), predevaluation reacquisition session (R1), postdevaluation extinction
session (E2), and postdevaluation extinction session (R2). (B) Sign-tracking behavior did not differ between groups on a discriminative sign-tracking pro-
tocol over the course of 12 training sessions. Groups readily discriminated between the CS+ and CS− and adjusted responding (presses per minute, ppm)
accordingly. (C) Outcome devaluation conducted over the course of five sessions. Sessions 1 and 2, to the left of the dashed line, were conducted in ex-
ternal holding chambers distinct from operant chambers. Sessions 3 and 4 were conducted in operant chambers. Session 5, to the right of the solid line,
was conducted in operant chambers but no lithium chloride was administered following pellet presentation as no pellets were consumed. Note that there is
no line denoting the control group consumption as no pellets were presented to Group LiCl only during this phase of the experiment. (D) Sign-tracking
rates (ppm) during 5-min extinction tests pre- and postdevaluation show that group LiCl-Pellet significantly decreased sign-tracking to the lever following
devaluation over sessions. (E) Sign-tracking rates (ppm) during fully rewarded sessions show the same drop following outcome devaluation in Group
LiCl-Pellet. (F ) Pellet consumption during the pre- and postdevaluation reacquisition sessions. Predevaluation, all animals consumed all pellets, as expected.
Postdevaluation, animals in Group LiCl only continued to consume all pellets while animals in group LiCl-Pellet significantly decreased pellet consumption,
indicating that outcome devaluation was successful.
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Acquisition
The mean ppm for each group over the course of training are pre-
sented in Figure 3B. A linear mixed model was used to analyze CS+
responding by group and session.

There was no significant effect of group (estimate: 2.89;
CI: −5.90–11.67; P=0.523), indicating that, overall, Group
Saline-Pellet and Group LiCl-Pellet did not differ in their response
rates. There was a significant effect of logSession (estimate: 5.94;
CI: 1.89–9.98; P=0.009), showing that over the course of train-
ing, animals significantly increased their lever interactions.
However, there was no effect of the interaction between Group
and logSession (estimate: 0.39; CI: −5.32–6.11; P=0.894), indicat-
ing that the two groups did not differ in how they increased their
lever presses over the course of training. Curiously, magazine
entries did not significantly decrease over sessions in the same
manner as they did in the other experiments (Supplemental
Fig. 1G). We found this was the result of just one rat that both
interacted with the lever and entered the magazine during its
presentation.

Outcome devaluation
Themean percentage of pellets consumed on each devaluation day
is presented in Figure 3C. Here, there were effects of Session
(OR: 1.43, CI: 1.21–1.67, P<0.001), Group (OR 265.07,
CI: 94.06–747.02, P<0.001), and a significant Group by Session in-
teraction (OR: 3.71, CI: 3.16–4.35, P<0.001). Again, there was a
significant rebound in pellet consumption in LiCl-Pellet from
Day 2 to Day 3 of outcome devaluation (V=0, P=0.022), sugges-
tive of poor taste-aversion generalization. These effects show that
rats in Group Saline-Pellet consumed more pellets than rats in
Group LiCl-Pellet.

Devaluation sensitivity in extinction
Responding during pre- and postdevaluation extinction sessions
are compared in Figure 3D. Again, there was no effect of Group (es-
timate: 24.17, CI: −6.19–54.54, P=0.130) or Session (estimate:
−4.92, CI: −16.84–6.99, P=0.430). However, there was an effect
of the interaction between Group and Session (estimate: −19.82,
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Figure 3. Sign-tracking behavior sensitivity to outcome devaluation extends to single-lever CS preparations. (A) Timeline of experimental procedures:
magazine training (Mag), predevaluation extinction session (E1), predevaluation reacquisition session (R1), postdevaluation extinction session (E2), and
postdevaluation extinction session (R2). (B) Sign-tracking behavior did not differ between groups on a single-cue sign-tracking protocol over the course of
12 training sessions. Groups increased responding over training days (presses per minute, ppm). (C) Outcome devaluation conducted over the course of
five sessions. Sessions 1 and 2, to the left of the dashed line, were conducted in external holding chambers distinct from operant chambers. Sessions 3 and
4 were conducted in operant chambers. Session 5, right of the solid line, was conducted in operant chambers but no lithium chloride was administered
following pellet presentation as no pellets were consumed. (D) Sign-tracking rates (ppm) during 5-min extinction tests pre- and postdevaluation show that
Group LiCl-Pellet significantly decreased sign-tracking to the lever following devaluation over sessions. (E) Sign-tracking rates (ppm) during fully rewarded
sessions show the same drop after outcome devaluation in Group LiCl-Pellet. (F ) Pellet consumption during the pre- and postdevaluation reacquisition
sessions. Predevaluation, all animals consumed all pellets, as expected. Postdevaluation, animals in Group Saline-Pellet continued to consume all pellets
while animals in Group LiCl-Pellet significantly decreased pellet consumption, indicating that outcome devaluation was successful.
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CI: −36.67–(−2.98), P=0.035). Magazine entries were also exam-
ined with no effects observed (Supplemental Fig. 1H). Together,
these data indicate that groups differed in ST behavior changes
over sessions; namely, Group LiCl-Pellet decreased their ST in re-
sponse to devaluation between the two probe sessions.

Devaluation sensitivity in reacquisition
Next, pre- and postdevaluation reacquisition sessions were com-
pared. ST rates during these reacquisition sessions are presented
in Figure 3E. There were effects of Group (estimate: 28.76,
CI: 1.52–56.00, P=0.047) and Session (estimate: 10.61, CI: 0.88–
20.34, P=0.048) and a significant interaction between Group
and Session (estimate: −28.13, CI: −41.90–(−14.36), P=0.001).
Magazine entries were also examined with no effects observed
(Supplemental Fig. 1I). Reacquisition consumption is presented
in Figure 3F. AWilcoxon rank-sum test with continuity correction
showed a significant effect of Group on pellets consumed (W=64,
P<0.001). Overall, these data show that the outcome devaluation
protocol used here significantly decreased ST rates for LiCl-Pellet
animals during the reacquisition period.

Experiment 4
As noted, one factor that differed in prior studies on this topic was
the context in which reinforcer-LiCl pairings were administered.
However, the effect of devaluation context on the ST response
has not been explicitly examined. In the above Experiments, we
generally found a sensitivity of ST behavior to reward devaluation
when the devaluation procedure was done in both the transport
boxes and operant chamber to encourage generalization of the
learned aversion. In parallel with those experiments, data were ac-
quired for a separate study using designer receptors exclusively ac-
tivated by designer drugs (DREADD)manipulations to examine the
neural basis of flexibility in ST behavior. Control subjects in the
DREADD study are included here in Experiment 4 and are not pub-
lished elsewhere. See Table 1 for a list of subjects.

Experiment 4 explicitly addressed the context question by
asking whether the ST response is more sensitive to devaluation
when the devaluation takes place in the training context (IN
group, n=10) than when the devaluation is done in a different en-
vironment (OUT group, n=10). Acquisition of discriminative ST
took place as in Experiments 1–3. After acquisition, animals in
group IN underwent reinforcer-LiCl pairings inside the operant
chambers. Animals in group OUT underwent reinforcer-LiCl pair-
ings in empty plastic cages in a separate location. If the association
between LiCl and the reinforcer is generalized equally well in the
test sessions for both groups, then the amount of ST after devalua-
tion should be similar between conditions. If instead, generaliza-
tion works best for animals given LiCl-reward pairings in the
operant chamber, then the Group IN ought to show outcome
devaluation sensitivity. Magazine entry data throughout the ex-
periment was examined and all figures and statistics can be found
in Supplemental Figure 1 and Supplemental Table 1.

Acquisition
The mean ppm over sessions by group and by CS-type is presented
in Figure 4B. A linear mixedmodel was created as above. There was

no effect of Group (estimate: 2.51; CI: −0.34–5.37; P=0.09) nor
logSession (estimate: 1.27; CI: −0.28–2.82; P=0.12) on respond-
ing. Importantly, therewas a significant effect of CS-type (estimate:
2.57; CI: 0.30–4.84; P=0.027), showing that animals discriminated
between the CS+ and CS− and adjusted responding appropriately.
Additionally, there were no significant interactions between
Group and logSession (estimate: −0.50; CI: −2.05–1.05; P=0.53)
nor Group and CS-type (estimate: 0.89; CI: −1.38–3.16; P=0.45).
There was a significant interaction between CS-type and
logSession (estimate: 3.51; CI: 2.25–4.76; P<0.001) but no signifi-
cant interaction between CS-type, Group, and logSession (esti-
mate: 0.05; CI: −1.20–1.30; P=0.93). Magazine entries made by
groups similarly decreased over training sessions (Supplemental
Fig. 1J). These results indicate that there was no overall difference
between groups during acquisition and that animals readily dis-
criminated between the CS+ and CS− overall and over training
sessions.

Outcome devaluation
Themeannumber of days required for animals in the two groups to
reject all but one pellet is presented in Figure 4C. Interestingly, it
took animals in Group IN significantly more sessions to reject pel-
lets (t(9) =−20.82, P<0.001). There are a couple of possibilities to
explain this difference in time to reach complete devaluation.
First, the animals in Group OUT received a larger amount of food
to consume than the animals in Group IN received. Group IN
rats were given a smaller amount of total food to avoid clogging
the food delivery tube in later pairings. This difference was most
pronounced for the first pairing, in which rats in Group OUT ate
close to 10 g on average, whereas rats in Group IN ate ∼3.5 g.
Therefore, greater consumption during the first pairing may have
resulted in stronger taste aversion learning, and a faster decline
to zero consumption. A second possibility, not exclusive of the
first, is that taste aversion learning in the operant chambers
(Group IN) may have been slowed due to latent inhibition.
Repeated prior experience of the rewarded outcome with the con-
ditioning chambers may have interfered with new learning that
the grain pellets, when delivered to the food magazine, now result
in illness.We emphasize that both groups reached a point of essen-
tially zero consumption, reflecting a complete devaluation of the
pellet reinforcer in their respective contexts.

Devaluation sensitivity in extinction
Mean lever press rates by group and day are presented in Figure
4D. Note that lever press rates shown are for the final training ses-
sion, Training Day 12, and the extinction probe session. While
there was no effect of Group (estimate: −19.03, CI: −43.30–5.24,
P= 0.132), there were significant effects of Session (estimate:
−16.61, CI: −25.26–(−7.96), P=0.001) and the interaction be-
tween Group and Session (estimate: 15.70, CI: 3.46–27.93, P=
0.021). Magazine entries were also examined with no effects ob-
served (Supplemental Fig. 1K). This shows that, overall, the ani-
mals in the two groups did not differ in their ST rates but there
was a drop in ST following outcome devaluation, showing that
across all subjects, devaluation reduced incentive lever pressing.
Importantly, the significant interaction between Group and
Session shows that animals in Group IN decrease ST behavior
more than those animals in Group OUT.

Devaluation sensitivity in reacquisition
Mean lever press rates by group and day are presented in Figure
4E. Again, note that lever press rates shown are for thefinal training
session (Training Day 12) and the postdevaluation reacquisition
session. Overall, there was no effect of Group (estimate: −22.42,

Table 1. A summary table of surgery designations for Group IN
and Group OUT animals used in Experiment 4

Control virus injected No surgery Total animals

Group IN 4 6 10
Group OUT 8 2 10
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CI: −46.17–1.34, P=0.072). However, there were significant effects
of Session (estimate: −21.12, CI: −29.82–(−12.42), P<0.001) and
the interaction between Group and Session (estimate: 19.08, CI:
6.78–31.38, P=0.006). While there was a drop in ST following out-
come devaluation across all animals, the animals in Group IN de-
creased their ST behavior more than animals in Group OUT over
sessions Indicating that devaluation in the operant chambers was
more effective. Magazine entries were also examined, and there
were no effects (Supplemental Fig. 1L).

The mean percentage of pellets consumed by each group is
shown in Figure 4F. AWilcoxon rank-sum test shows that animals
in Group IN ate significantly less than animals in Group OUT (W=
6.5, P=0.001). Thus, the qualitatively equal aversion established to
the reward following LiCl pairings in both groups did not last or
generalize aswell to the task if pairingswere done outside of the op-
erant chamber.

Discussion

Cues that are reliably paired with a reward can acquire motivation-
al properties, and this phenomenon is exemplified in incentive
ST behavior. In ST, animals approach and interact with the
reward-predicting cue, often licking, gnawing, and biting it, as

though it possessed sensory and motiva-
tional properties of the reward itself.
There has been a surge of interest in char-
acterizing the behavioral profile of ST
animals (Hughson et al. 2019) in part
because the ST phenotype is thought
to indicate vulnerability to addiction,
and it can be used as a preclinical model
for the excessive motivational pull of
drug-predicting stimuli (Saunders and
Robinson 2013; Tomie and Sharma
2013; Huys et al. 2014). For these reasons,
it is important to characterize the mecha-
nisms of ST, and the conditions under
which ST may respond to environmental
or behavioral manipulations.

Here we conducted a series of exper-
iments that investigated the effects of
LiCl outcome devaluation on ST perfor-
mance. Our results show that when
devaluation includes multiple pairings
in the training context, ST behavior is in-
deed sensitive to reinforcer devaluation.
In Experiments 1, 3, and 4, ST behavior
significantly decreased in extinction for
animals that received LiCl + reinforcer
pairings that included pairings in the
training context. In Experiment 2, there
was a trend toward lower responding in
Group LiCl-Pellet, but this trend did not
reach significance. For control animals
who did not receive LiCl paired with the
reinforcer, or who received those pairings
exclusively outside of the conditioning
context (Group OUT in Experiment 4),
the average ST ratewas largely unchanged
in extinction (Experiments 2–4) or was
even slightly elevated (Experiment 1).
Overall, these results agree with classic
demonstrations of reinforcer devaluation
effects on Pavlovian conditioned respons-
es (Holland and Straub 1979; Hatfield

et al. 1996; Gallagher et al. 1999) and on goal-directed actions
(Dickinson 1985). They indicate that ST behavior, at least when
it comes to posttraining outcome manipulations, is not different
from other forms of Pavlovian conditioning. The fact that ST was
devaluation-sensitive—even after extensive training (12 d)—
supports the notion that ST behavior is governed, at least in part,
by an expectation of the outcome.

Devaluation sensitivity is often talked about in an absolute
manner. However, it should be kept in mind that any test of out-
come sensitivity is conducted using a specific devaluationprotocol,
and the parameters for conducting outcome devaluation vary con-
siderably. The most common techniques used to manipulate the
desirability of the outcome are selective satiety (Holland and
Rescorla 1975; Gremel and Costa 2013; De Tommaso et al. 2017)
and reinforcer devaluation with LiCl (Adams 1982; Smith et al.
2012), although there are others, including high-speed rotation
to induce nausea (Holland and Straub 1979) or outcome inflation
bymeansof extended fooddeprivation (Quinnet al. 2013) ornutri-
ent depletion (Berridge et al. 1984; Tordoff 2001). Just considering
devaluation with LiCl, protocols differ along a number of dimen-
sions, including the type of reinforcer used in training, the number
of devaluation pairings, the concentration of LiCl, the method of
delivery of the reinforcer, the type of control group used, and the
context inwhichdevaluation takes place. Previousworkhas shown
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Figure 4. ST sensitivity to outcome devaluation is dependent on outcome devaluation context. (A)
Timeline of experimental procedures: magazine training (Mag), postdevaluation extinction session
(Ext), and postdevaluation extinction session (Reac). (B) Sign-tracking behavior did not differ between
groups on a discriminative sign-tracking protocol over the course of 12 training sessions. Groups
readily discriminated between the CS+ and CS− and adjusted responding (presses per minute, ppm) ac-
cordingly. (C) Average number of sessions needed to reduce individual rat pellet consumption to less
than or equal to one pellet, shown by group. (D) Sign-tracking rates (ppm) during brief 5-min extinction
tests on Training Day 12 and postdevaluation shows that Group IN significantly decreased sign-tracking
to the lever following devaluation over sessions. (E) Sign-tracking rates (ppm) during fully rewarded ses-
sions show the same drop following outcome devaluation in Group IN. (F) Pellet consumption during
the postdevaluation reacquisition session. Animals in Group OUT consumed a greater proportion of
pellets than animals in Group IN, indicating that outcome devaluation was more thorough for Group IN.
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that these factors can result in meaningful differences in task per-
formance under postdevaluation extinction conditions. For exam-
ple, a liquid reinforcer delivereddirectly into theoral cavity is better
able to engender a complete devaluation effect than is a tradition-
ally consumed reinforcer (Colwill and Rescorla 1990). In a different
example, simple reexposure to thedevaluedoutcomebefore testing
produced a greater devaluation effect than a single pairing alone
(Lopez et al. 1992). Findings like these indicate that it is important
to take into account the specific procedure when comparing out-
come devaluation effects across studies.

There are at least a couple of steps that need to take place for
devaluation to affect behavior. First, the aversion to the outcome
learned during the devaluation phase must transfer to the testing
context. This updated outcome value must be represented or re-
trieved in some way frommemory and be “online” during the ex-
tinction test if behavior is to be sensitive. Even if devaluation is
performed, say, in the same environment as the task, the devalua-
tion experience is subtly different than task performance and could
result in less-than-perfect outcome sensitivity as a result. Second,
knowledge about the outcome must influence the ST response it-
self. Even if the outcome is recognized to be aversive in that situa-
tion, that information needs to then influence behavior. This is
similar to the distinction between goal-directed actions and habits.
The lever cue might trigger a stimulus-response association that
overrides any consideration of outcome value. Importantly, the
presence of the behavioral response (e.g., ST) does not unequivo-
cally mean that responding is habitual or inflexible. It could be
due to a failure of generalization (first step above). This can bemea-
sured by offering animals access to the aversive outcome in a reac-
quisition test conducted in the same context as extinction. If the
now-aversive outcome is rejected, then one can infer that devalua-
tion successfully transferred to the testing context, whether or not
the conditioned response was suppressed. In principle, given that
the aversion must generalize to the task environment as well as
to the behavior leading to the outcome, it may be important to
consider generalization to the behavior itself as a factor involved
in interpreting the behavior as goal-directed vs. habitual (beyond
the underlying associative structure of behavior).

Historically, investigators have come to varying conclusions
about the effectiveness of outcome devaluation tests. Colwill and
Rescorla (1985) point out that numerous studies, even at that
time, found diverse evidence either for (Chen and Amsel 1980;
Adams and Dickinson 1981; Adams 1982; Dickinson et al. 1983;
St. Claire-Smith and MacLaren 1983) or against (Garcia et al.
1970; Morrison and Collyer 1974; Holman 1975; Adams 1980;
Wilson et al. 1981) outcome devaluation effects on behavior.
Some variables, like the type of reinforcement schedule (e.g., a var-
iable interval encourages habits more rapidly than a fixed ratio
schedule) and amount of training, could account for some of these
differences (Dickinson et al. 1983; Colwill 1988), but not all (e.g.,
Colwill and Rescorla 1985). Our central result, that ST is sensitive
to outcome devaluation, stands in contrast to several recent reports
to the contrary (Morrison et al. 2015; Nasser et al. 2015; Patitucci
et al. 2016). One important procedural difference between these re-
cent reports and our experiments (as well as that of Derman et al.
2018, below) is the context of the devaluation pairings.

In the study by Nasser et al. (2015), the authors examined the
relationship between Pavlovian outcome devaluation and ST ten-
dency. Animals learned to respond to a light cue with standard
Pavlovian conditioning. They then received two pairings of food
reward with LiCl in their home cage. In an extinction session,
rats showed a modest but significant difference in the time spent
in the food cup between LiCl paired and unpaired groups (Fig.
1C in that paper). Later, rats were trained in a discriminative
autoshaping procedure. Their terminal degree of ST was correlated
with their response to the Pavlovian light cue (devaluation

insensitivity). The authors concluded from this study that ST rats
have a general difficulty displaying flexible behavior. However,
the devaluation sensitivity of ST specifically was not measured.
In addition, it may be that a stronger devaluation protocol (in
the test chambers) would have resulted in ST rats significantly re-
ducing their responding. We can conclude from this study that
non-ST rats were responsible for a modest devaluation effect, and
that they showed more flexibility than ST rats with this protocol.

The study byMorrison et al. (2015) measured the devaluation
sensitivity of ST directly. Rats underwent 7–15 d of autoshaping
training for sucrose reward and then received a single pairing of
sucrosewith LiCl in their home cages. Rats then underwent a probe
session in extinction and their sucrose consumptionwasmeasured
again afterward in the home cage. The authors found that ST
tendency actually increased after reward devaluation, as least in
comparison with GT tendency. In the probe session, goal-trackers
emitted fewer entries into the reward magazine, with a concomi-
tant increase in ST behavior that was perhaps compensatory.
Sign-trackers showed little change in either behavior, although
the subject pool had few, if any, conventionally defined ST rats
(i.e., Pavlovian Conditioned Approach index between 0.5 and
1.0). The devaluation procedure here was relatively weak, involv-
ing one pairing in the home cage. Postdevaluation consumption
of the devalued reward was not measured in the test chambers,
so it is unknown if the subjects generalized their conditioned taste
aversion (CTA) to the testing context. These results are somewhat
in conflict with the study by Nasser et al. in that here, GT rats
showed more lever-directed behavior in the test session.

Overall, both the studies by Nasser and Morrison found a dis-
tribution of responses to outcome devaluation, with ST animals
showing little change in behavior postdevaluation. However,
both studies used relatively mild devaluation protocols; either
one or two pairings with LiCl in the home cage environment.
Therefore, the persistence of ST in these studiesmaybe due to a fail-
ure for animals to transfer devaluation learning to the testing con-
text. In the case of Morrison et al. consumption was reduced, but
not eliminated in a postdevaluation test in the home cage, and
not measured in the testing context. It is important to confirm
that there is a strong rejection of the devalued food reward in the
testing context, as any residual value of the food reinforcer could
support conditioned responding in extinction (Colwill and
Rescorla 1985).

This latter point is also relevant for a study conducted by our
group (Smedley and Smith 2018), in which it was found that ST
behavior in extinction was unchanged after extensive LiCl devalu-
ation (3–5 pairings). These pairings took place in a nontask envi-
ronment (the transport boxes). Surprisingly, ST rate during a
reacquisition session was also largely unchanged; that is, even
with the opportunity to sample the devalued food after its associ-
ated action in the task context. In this study, consumption of the
devalued food reward was measured in the devaluation context
and not in the operant chambers. In a reacquisition test, rats that
received two lever stimuli in sequence ate nearly all pellets
(∼45/50 pellets consumed, Fig. 4D of that paper). However, ani-
mals that received only one lever stimulus consumed fewer pellets,
but still far more than half (∼35/50 pellets consumed, Fig. 2D of
that paper). The difference in consumption between groups that
received different cues indicates that task differences can affect
how food aversion transfers to the task.

Overall, these results agree with the prior two studies in that
devaluationpairings outside of the test chambers results in relative-
ly little change in ST behavior in extinction, but this may be attrib-
utable to a failure of the conditioned food aversion to transfer to
the task context. In a different study, using a conditioned lever
stimulus—similar to autoshaping—devaluation likewise resulted in
little change in ST behavior in extinction (Vandaele et al. 2017).
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Theamount of consumptionof the devalued foodwas high (∼50%,
measured in the operant chamber), and the LiCl pairings were per-
formed in the home cage. These results match our data from
Experiment 4, inwhich rats that underwent devaluation in a differ-
ent environment (Group OUT) ate well over 50% of the pellets in
reacquisition. Unsurprisingly, rats in Group OUT also showed no
change in ST during either extinction or reacquisition. These con-
siderations pose a problem for the interpretation that ST is devalua-
tion insensitive and inflexible in the classical sense (Morrison et al.
2015; Nasser et al. 2015). Instead, the insensitivity of ST to devalu-
ation is better understood as a failure to generalize learning—in this
case, CTA—when learning takes place in a different context.

Our results more closely agree with those of Derman et al.
(2018). In that study, rats were trained on a two-lever ST task in
which every lever was paired with a different food outcome.
After 12 d of training, rats underwent five cycles of LiCl pairing
in the operant chambers. ST was significantly lower for the lever
paired with the devalued reward as compared to the lever paired
with the nondevalued reward (Fig. 1A; Derman et al. 2018). In a
between-subjects experiment using a discriminative autoshaping
task (similar to ours) with the same method of devaluation as be-
fore, ST rate was reduced by ∼75% in the extinction sessions.
This resultmatches our data presented here.When the devaluation
protocol contains several pairings in the operant chamber, ST
behavior in extinction was significantly reduced (Experiments 1,
3, and 4). This is a consequence of the fact that taste aversion suc-
cessfully transferred to the task context, as measured by reacquisi-
tion consumption. Likewise, when taste aversion transfers, ST
during reacquisition is further reduced over and above the reduction
in extinction (Experiments 1–4), perhaps reflecting incentive
learning processes (Lopez et al. 1992).When instead, the taste aver-
sion does not transfer to the task context, because of a too-great dis-
similarity in the conditioning and testing environments, then ST
remains high. Thus, transfer of the taste aversion to the task and
the effect of the aversion on ST seem to be highly related. When
rats generalize taste aversion to the task, ST behavior is reduced, a
signature of goal-directed or model-based behavioral control.
This highlights the importance of taking context effects into ac-
count whenmaking interpretations about the underlying associat-
ive structure of the behavior (i.e., habit vs. goal-directed).

While it is well known that taste-nausea associations are rela-
tively easy to condition (in comparison to other classes of events—
the “Garcia effect”), the role of contextual cues in CTA learning is
not well understood. There is extensive evidence that the ability of
new reward-related information to reduce responding in tasks can
be remarkably context-dependent, such as for extinction of instru-
mental learning (Bouton and Todd 2014). Interestingly, there is ev-
idence that contextual factors (also called “exteroceptive stimuli”)
are important for CTA learning as well. A learned aversion to drink-
ing saccharin solution was greatly attenuated when animals were
tested in a dissimilar context: importantly, the aversion they ini-
tially learned was still active when returned to the original context
(Archer et al. 1979, 1984; Sjödén and Archer 1981). This effect par-
allels that of some of the studiesmentioned here and our data from
Experiment 4 (Fig. 4F), in which rejection of the devalued food pel-
lets in reacquisition is nearly complete when tested “in-context,”
but greatly diminished or absent when tested “out-of-context.”

An important consideration to note in Experiment 4 lies in
how many reinforcer pairings were given during the devaluation
protocol. Group OUT received 3 pairings, and Group IN received
6–7 pairings. While both groups reached the same endpoint of re-
jecting the devalued pellets during taste-aversion training, it re-
mains possible that the greater number of pairings given to
group IN could have resulted in a longer-lasting taste aversion
memory, and this could in part account for the greater pellet con-
sumption in reacquisition among rats inGroupOUT.Group IN rats

took longer to reach the devaluation threshold, and therefore they
received more pairings. This may be due to a process such as latent
inhibition (Turgeon and Reichstein 2002), whereby prior experi-
ence with pellet consumption in the conditioning chambers (i.e.,
the ST acquisition phase) slowed down the process of acquiring
the new pellet-nausea association. Further experiments are needed
to isolate number of pairings and the terminal degree of devalua-
tion as factors that contribute to the longevity of conditioned taste
aversion.

Devaluation sensitivity is a graded measure and it is most ac-
curate to imagine it on a continuum, rather than categorically. In
instrumental behavior, responding after devaluation can be divid-
ed into a sensitive, goal-directed component, and a habitual, insen-
sitive component (Thrailkill and Bouton 2015). The ability of
devaluation learning to affect performance depends on the nature
of the underlying association (goal directed vs. habitual) as well as
the ability for the aversion learning to transfer to the testing con-
text, perhaps analogous to a generalization gradient. It may be
that the relative inability to generalize outcome value learning it-
self is a signature of habitual behavior. For example, Thrailkill
and Bouton (2015) found that the habitual component of instru-
mental behavior was more sensitive to a switch in context than
the goal-directed component. Additionally, another way to con-
duct outcome devaluation is via sensory-specific satiety and this,
too, shows signs of context dependency (Parkes et al. 2016).
Although ST is considered as having a major Pavlovian learning
component, there may be parallels between the context depen-
dence of instrumental learning and extinction andwhat we review
here for ST. Changes to outcome value, when divorced from the
learning context, have relatively little impact on postdevaluation
ST (Morrison et al. 2015; Vandaele et al. 2017; Smedley and
Smith 2018).When outcome value is strongly reduced in the train-
ing context, ST behavior shows flexibility and sensitivity to it (our
data here; (Derman et al. 2018). Importantly, in these data and in
much of the literature on outcome sensitivity in behavior, the level
of devaluation in the task rarely reaches 100% (i.e., animals exhibit
some intake of the devalued outcome in the task, even if minimal,
when given sufficient trials). Residual responding in such cases,
whether ST behavior here or instrumental behavior in other stud-
ies, could reflect either (1) a habit component, or (2) the fact that
the outcome is still not completely devalued. In other words, it
will be important in studies of habits using the outcome devalua-
tion procedure to consider to what extent habit-like responding af-
ter devaluation reflects a habit or rather a less-than-complete
transfer of outcome devaluation knowledge to the task conditions.

Materials and Methods

Experiment 1

Subjects
Subjects were experimentally naïve male Long Evans rats obtained
fromCharles River (n=16; Charles River), which weighed 250–300
g upon arrival. Rats were pair-housed in a climate-controlled colo-
ny room illuminated from 7:00 A.M. to 7:00 P.M. Following an ac-
climation period of 7 d, animals were individually housed and put
on a food-restriction schedule to maintain body weights at 85% of
their ad libitumweights for the duration of the experiment. The ex-
periments were performed in accordance with the National
Institute of Health’s Guide for the Care and Use of Laboratory
Animals; protocols were approved by the Dartmouth College
Institutional Animal Care and Use Committee.

Apparatus
ST training and testing was carried out in eight identical operant
conditioning chambers (24×30.5 ×29 cm; Med Associates),
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enclosed in sound-attenuating chambers outfitted with an exhaust
fan to provide airflow and background noise (∼ 68 dB). The cham-
bers were illuminated by a house light on the back wall of the
chamber. Each chamber contained a recessed food magazine in
the center of the front wall. Retractable levers (Med Associates
model: ENV-112CM) were positioned on either side of the food
magazine. Lever deflectionswere automatically recorded, andmag-
azine entries were recorded through breaks of an infrared beam.
Data were acquired through MED-PC software (Med Associates).

Behavioral training
The sequence of training phases is presented in Figure 1A. All rats
first received a single 30-min acclimation session of magazine
training where grain pellets (Bio Serv, Product #F0165, 45mg dust-
less precision pellets: Protein 21.3%, Fat 3.8%, Carbohydrate
54.0%) were delivered freely on a random-time 30 sec (RT30)
schedule. Next, rats underwent 12 daily, 60-min sessions of dis-
criminative training. During each training session, rats received
25 conditioned stimulus (CS+) trials and 25 CS− trials, such that
no more than two of the same trial type occurred in a sequence.
Each trial consisted of a 10 sec lever presentation, but only CS+ tri-
als were followed by delivery of two food pellets upon lever retrac-
tion. The assignment of left and right levers to CS+ and CS−
identities was counterbalanced within groups of animals but
held constant per animal. Training was followed by one abbreviat-
ed predevaluation test session (5 CS+, 5 CS− presentations) con-
ducted in extinction conditions to establish a baseline level of
responding. The next day, rats were given one rewarded reacquisi-
tion session (25 CS+, 25 CS− presentations).

Outcome devaluation and postdevaluation testing
Rats were split into two groups based onmean lever press rates and
standard error of themean such that groups hadmatched respond-
ing levels by Day 12 of training. After group assignment, rats were
exposed to an outcome devaluation procedure. Devaluation of the
grain pellets was carried out in two phases; rats received up to five
pairings. The first and second pairings took place in plastic holding
boxes, as previously described (Smedley and Smith 2018), while
subsequent pairings took place in theMed Associates conditioning
chambers. This procedurewas chosen because it was thought that a
variety of contexts for devaluation would allow animals to best
generalize the CTA beyond the holding chambers. In separate ex-
periments in our laboratory, we found that doing devaluation ex-
clusively in the holding boxes or in empty cages resulted in
many animals consuming many, if not most, of the pellets during
reacquisition (data not shown).We speculated that addingpairings
inside the conditioning chambers would strengthen the associa-
tion between the aversive food outcome (pellets) and the response
(lever pressing) that had previously coincided with food delivery.

For the first and second pairings, animals were given 10 g of
pellets in a plastic dish in clear plastic holding boxes normally
used for transport between the colony and testing room. Rats
were allowed 20 min to consume pellets. The plastic dishes were
then removed from the holding boxes, rats were injected with
either lithium chloride, termed Group LiCl-Pellet (LiCl; 0.3 M;
10 mg/kg; in deionized water) or 0.9% saline, termed Group
Saline-Pellet. Then, the remainder of the pellets were weighed,
and weights of the rats were recorded. Rats stayed in the boxes
for an additional 20 min following the injection and were then re-
turned to their home cages. After 48 h, this devaluation procedure
was repeated.

The third and subsequent pairingswere conducted in the con-
ditioning chambers. Again, these pairings were spaced 48 h apart.
For these days, pellets were delivered on the RT30 schedule previ-
ously used during magazine training. Levers were not extended
during these sessions. To avoid clogging of the magazine with pel-
lets, pairings 3–5 were successively shorter in length, as animals in
Group LiCl-Pellet rejected more pellets over time which increased
the likelihood of rejected pellets backing up within the delivery
tube. At the conclusion of these sessions, animals were removed
from the conditioning chambers, held briefly in the plastic holding

boxes, and the number of pellets consumed was recorded. Then,
animals were injected with either LiCl or saline, based on their
group assignment, and allowed to rest for 20min in the condition-
ing chambers. Once an animal consumed 1 or fewer pellets during
devaluation, it was advanced to postdevaluation probe sessions.
These consisted of a brief extinction session (5 CS+, 5 CS− presen-
tations) followed by an abbreviated, fully rewarded, reacquisition
session (15 CS+, 15 CS− presentations) to assess ST persistency in
the face of devalued reward.

Behavioral measures and analyses
Lever deflections, magazine entries, and time spent in the maga-
zine area were recorded through MED-PC. During outcome deval-
uation, pellets were weighed before and after consumption to
calculate the percentage of grams consumed. All statistical tests
were carried out using R (R Core Team 2016). All graphs were creat-
ed through R (R: “ggplot2”) and designed with Adobe Illustrator.

Zero-sum contrasts were made for categorical variables where
appropriate (e.g., Group Saline-Pellet vs. Group LiCl-Pellet).
Individual linearmixedmodels (R; “lme4”) were used to analyze ef-
fects of dependent variable responding (e.g., lever presses per mi-
nute, ppm) by fixed effects of experimental group, logSession,
CS-type, and the interactions between these variables while
accounting for random effects of differences in individual starting
press rates and individual learning rates over sessions. LogSession,
created by logarithmically transforming session, was used to
model training data as models using logSession were fit data statis-
tically better thanmodels using linear session alone as determined
by Akaike information criterion for nonnested model compari-
son (see Smedley et al. 2019 for a similar application). Linear
mixed models were fit by maximum likelihood and t-tests use
Satterthwaite approximations of degrees of freedom (R;
“lmerMod”). Linear models were analyzed with package lme4
from CRAN (Bates et al. 2015). Reported statistics include parame-
ter estimates (β values), confidence intervals (95% confidence in-
tervals) and P-values (R; “lmerTest,” Kuznetsova et al. 2017).

As percentage data are not normally distributed, a generalized
linear mixed model was used to analyze effects of devaluation and
session on pellet consumption during outcome devaluation.
Session was recentered to assess group differences in consumption
on Day 5, the final day of outcome devaluation. Odds ratios, con-
fidence intervals, and P-values are reported. Post-hoc Wilcoxon
signed rank tests with continuity corrections were used to assess
whether animals in Group LiCl-Pellet increased the proportion of
pellets consumed on Day 2 and Day 3 of outcome devaluation.
Notably, Day 3 of outcome devaluation is the first day that animals
are reintroduced to the operant chamber context and given access
to pellets.

Responding in the postdevaluation extinction session (ppm)
was compared with responding in the predevaluation extinction
session by creating individual linear mixed models to assess re-
sponse rates by fixed effects of group, session, and the interaction
between group and session while accounting for random effects of
individual starting points. Responding in the postdevaluation re-
acquisition session was similarly compared with responding in
the predevaluation reacquisition session.

Pellet consumption during postdevaluation reacquisition ses-
sions was recorded. These data were not normally distributed.
Therefore, a Wilcoxon rank-sum test with continuity correction
was used to determinewhether animals differed in pellet consump-
tion based on their group treatments.

Experiment 2

Subjects and behavioral training
Subjects were 16 experimentally naïve male Long Evans rats ob-
tained from the same vendor as in Experiment 1 and maintained
under the same conditions. The apparatus was the same as in
Experiment 1. Rats underwent 1 d of magazine training and 12 d
of autoshaping training as in Experiment 1. Data collection meth-
ods and analyses were the same as in Experiment 1.
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Outcome devaluation and postdevaluation testing
Outcome devaluation procedures were similar to those described
for Experiment 2. Rats in Group LiCl-Pellet (n=8) were given grain
pellets (as described above) in the holding boxes (days 1–2) and op-
erant chambers (days 3–5) before being injectedwith LiCl solution.
Rats in Group LiCl-Only (n= 8) spent the same amount of time in
the boxes and conditioning chambers but received no food before
receiving injections of LiCl. Once animals in Group LiCl-Pellet
consumed no more than 1 pellet each, no further injections of
LiCl were administered, and animals were advanced to a brief post-
devaluation extinction session (5 CS+, 5 CS− presentations).
Following this extinction session, a reacquisition session (15 CS+,
15 CS− presentations) was administered.

Experiment 3

Subjects and behavioral training
Subjects were 16 experimentally naïve male Long Evans rats ob-
tained from the same vendor as in Experiment 1 and maintained
under the same conditions. The apparatus was the same as in
Experiment 1. Data collection methods and analyses were the
same as in Experiment 1, with the exception that there were no
CS− trials. Sessions lasted for 30 minutes and consisted of 25 CS+
trials (left and right lever positions were counterbalanced across
subjects). The intertrial interval was the same as in the other exper-
iments (average 60 sec).

Outcome devaluation and postdevaluation testing
Outcome devaluation took place in the same manner as in
Experiment 1. After pellet consumption, subjects in Group
LiCl-Pellet (n=8) received injections of LiCl solution, whereas sub-
jects in Group Saline-Pellet (n=8) received saline injections. Once
animals in Group LiCl-Pellet rejected all pellets, no further injec-
tions of LiCl were administered, and animals were advanced to a
postdevaluation extinction session (5 CS+ presentations).
Following this extinction session, an abbreviated reacquisition ses-
sion (15 CS+ presentations) was administered.

Experiment 4

Subjects and behavioral training
The subjects were 20 experimentally naïve male Long Evans rats
obtained from the same vendor as in Experiment 1 andmaintained
under the same conditions. The apparatus was the same as in
Experiment 1. The sequence of training phases is presented in
Figure 4A. Rats underwent 1 d of magazine training and 12 d of
autoshaping training as in Experiment 1. Data collection methods
and analyses are the same as in Experiment 1. 12 subjects under-
went surgery andwere injected with a control virus as part of a sep-
arate study (see above). In addition, eight control rats that did not
receive surgery were added to the previous 12, for a total of 20 sub-
jects (Table 1). Training for the autoshaping task was the same as in
the above experiments.

Surgical procedures for control virus subjects
All surgeries were performed under aseptic conditions with
isoflurane anesthesia, and all infusions were made with a 10 µL
syringe equipped with a 36-gauge beveled needle (World
Precision Instruments) and a Quintessential Stereotaxic Injector
(Stoelting). Bilateral infusions of CAV2-Cre were made into the
amygdala at −3.0 mm posterior from bregma, 5.0 mm from the
midline, and 5.0 mm ventral from the skull surface. Injection vol-
ume at each site was 0.5 µL. Additionally, rats received bilateral in-
fusions into the orbitofrontal cortex, at 3.9 mm posterior to
bregma, 3.0 mm from the midline, and 4.4 mm ventral from the
skull surface, of the control virus AAV8-hSyn-DIO-mCherry
(Addgene). Injection volume at each site was 0.5 µL. Expression
of these transgenes was allowed to take place over the course of
at least 3 wk before the commencement of behavioral training.

Outcome devaluation and postdevaluation testing
For rats in Group IN (n=10), subjects were placed in the same con-
ditioning chambers as in training. Pellets were delivered on the
RT30 schedule previously used during magazine training. The le-
vers were not extended during these sessions. After 30 min, ani-
mals were removed from the conditioning chambers and briefly
held in plastic transport boxes while the leftover pellets were re-
moved (and later counted). Rats were injected with LiCl and re-
turned to the conditioning chambers for at least 20 min. This
process was performed again after 48 h. This consisted of up to
7 d of pellet pairings, determined bywhether animalswere at or be-
low a threshold of pellet consumption defined by experimenters
a priori as each group averaging less than one pellet consumed
each day

For rats in Group OUT (n =10), subjects were placed in clear
plastic tubs, with ametal food cup that contained 10 g of grain pel-
lets. After 20 min, the food cups were removed, and the weight of
leftover pellets later measured. Rats were injected with LiCl, as
above, and allowed to rest for at least 20 min before being returned
to the animal colony. This process was performed again after 48 h,
with animals receiving a total of three LiCl pairings.

In order to measure the persistence of ST behavior after deval-
uation, animals were returned to the conditioning chambers and
ran the same autoshaping task in extinction. In the analyses below,
only the first 5 CS+ and first 5 CS− trials were analyzed. The follow-
ing day, animals ran an additional reacquisition sessionwith pellet
delivery as normal. The reacquisition session was used to test the
degree to which animals were able adjust their behavior when ex-
posed the now devalued food outcome. Animals that underwent
surgery with control virus received injections of clozapine-n-oxide
(CNO; 1 mg/kg; National Institute of Mental Health’s Chemical
Synthesis and Drug Supply Program) 30 min prior to testing on
the extinction and reacquisition sessions. CNO is an inert ligand
in the absence of DREADD receptors (Armbruster et al. 2007),
and is expected to have no effect on behavior in control animals
lacking DREADD receptors. Anecdotally, we have seen no differ-
ence in ST between control animals treated with CNO and naïve
animals.
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