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1  |   INTRODUCTION

When pursuing goals, animals balance plans of action that 
have worked previously (exploitation) while exploring 
new actions for potentially greater benefit (exploration). 

Behavioral exploration allows for the learning of new envi-
ronmental conditions related to the occurrence of desirable 
events like rewards and can be adaptive when those condi-
tions are unstable or change. Conversely, while some explo-
ration is normally expected to persist as the possibility of 
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Abstract
When pursuing desirable outcomes, one must make the decision between exploring 
possible actions to obtain those outcomes and exploiting known strategies to maxi-
mize efficiency. The dorsolateral striatum (DLS) has been extensively studied with 
respect to how actions can develop into habits and has also been implicated as an area 
involved in governing exploitative behavior. Surprisingly, prior work has shown that 
DLS cholinergic interneurons (ChIs) are not involved in the canonical habit forma-
tion function ascribed to the DLS but are instead modulators of behavioral flexibility 
after initial learning. To further probe this, we evaluated the role of DLS ChIs in 
behavioral exploration during a brief instrumental training experiment. Through de-
signer receptors exclusively activated by designer drugs (DREADDs) in ChAT-Cre 
rats, ChIs in the DLS were inhibited during specific phases of the experiment: instru-
mental training, free-reward delivery, at both times, or never. Without ChI activity 
during instrumental training, animals biased their responding toward an “optimal” 
strategy while continuing to work efficiently. This effect was observed again when 
contingencies were removed as animals with ChIs offline during that phase, regard-
less of ChI inhibition previously, decreased responding more than animals with ChIs 
intact. These findings build upon a growing body of literature implicating ChIs in the 
striatum as gate-keepers of behavioral flexibility and exploration.
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better reward may exist, the emergence of more exploitative 
behavior can be advantageous when learned behaviors can be 
repeated in stable conditions for continued goal achievement, 
allowing them to be performed in a semi-automatic manner 
(Cohen et al., 2007; Dickinson & Weiskrantz, 1985; Dolan & 
Dayan, 2013; Graybiel, 2008). These exploitative behaviors 
are thought to help mitigate the demand placed upon the neu-
ral circuitry governing decision-making, allowing for a rapid 
and cognitively undemanding response to occur. However, 
continuing to perform exploitative behaviors can be mal-
adaptive if their utility changes (e.g., when environmental 
conditions change that favor a different behavioral strategy to 
more efficiently get a goal). In severe cases, a failure to alter 
a learned behavior when it is no longer useful can contribute 
to the pathology of behavioral compulsivity, such as occurs 
in obsessive-compulsive disorder, Tourette's syndrome, and 
addiction (Everitt & Robbins, 2005; Gillan et al., 2011; Voon 
et al., 2015).

A major hub in the brain for performing actions in a 
consistent manner is the dorsolateral aspect of the stria-
tum (DLS; primate putamen homologue). For example, the 
DLS is critical for phenomena like positively and negatively 
reinforced skills, response sequence learning, outcome-
insensitive habits, and even non-reinforced movement 
patterns like grooming behavior; one way of framing this 
globally is to consider the DLS as important for encourag-
ing the honing and exploitation of behavioral repertoires that 
“work” for the organism (Amaya & Smith,  2018; Barnes 
et  al.,  2005; Graybiel,  2008; Malvaez & Wassum,  2018; 
Yin & Knowlton, 2006). Physiologically, while the striatum 
is predominantly comprised of GABAergic projection neu-
rons known as medium spiny neurons (MSNs) and a smaller 
number of GABAergic interneurons, a small population of 
tonically active cholinergic interneurons (ChIs) have been 
reported to play a critical role in striatal function. They mod-
ulate dopaminergic inputs and encode salient reward-seeking 
events in a manner regarded as important for striatum-based 
learning (Aosaki et al., 1994; Cachope et al., 2012; Kawaguchi 
et al., 1995; Threlfell et al., 2012). Activation of ChIs in the 
DLS is sufficient to augment lever pressing on an alternative 
habit in a habit-substitution (reversal) task, where a learned 
habitual lever response must be abandoned for responding on 
a new now-rewarded lever (Aoki et al., 2018). However, in 
that study there was no observed effect of ChI activation on 
reducing the initially learned behavior (the “old habit”) or 
was there an augmentation of responding for behaviors that 
did not involve a task–reward switch. Interestingly, the study 
also reported that neurochemical ablation of DLS ChIs had 
no effect on either habit development or substitution (Aoki 
et al., 2018). The latter finding is curious as it suggests that 
ChIs in the DLS are not necessary for making habits, unlike 
DLS as a whole. This reflects that (a) this is a limit on what 
these ChI neurons contribute to action performance in the 

DLS, and (b) that ChIs in the DLS promote behavioral flex-
ibility. Thus, there is a paucity of knowledge on how ChIs 
could be involved in transitions between behavioral explo-
ration and exploitation. Better understanding DLS ChI func-
tionality in this regard would also shed light on the seemingly 
counterintuitive findings of previous work where ChI activity 
was not tied to habit formation but to behavioral flexibility. 
In other words, does DLS ChI activity promote the continued 
use of acquired behaviors (habit-like) or promote behavioral 
flexibility?

To examine this gap in knowledge, we took a rather simple 
approach: ChIs were transduced with inhibitory DREADD 
receptors in a small area of the DLS using ChAT-Cre rats 
(Witten et al., 2011) and ChI activity was inhibited at various 
points during behavioral training or testing as task rules were 
changed. As the DLS is involved in motor learning develop-
ing into skilled behavior (e.g., Kupferschmidt et al., 2017), 
we chose a task involving a brief training period whereby rats 
learned to press a lever for reward (FR1), then surprisingly 
shifted the task to require three presses (FR3) for reward over 
three sessions. Later, we changed the task environment again 
with a shift to a random time (RT) 60-s delivery of reward 
which required no lever presses. This design allowed us to pit 
behavioral exploitation against exploration because continu-
ing to perform as before would still yield reward delivery but 
exploring and changing behavior based on the new contin-
gencies can result in a more optimal performance (i.e., aban-
doning an FR1 one-press strategy in favor of a more efficient 
FR3 three-press strategy at the initial shift, and abandoning 
pressing entirely during RT-60). If ChI inhibition results in 
increased exploration of alternative strategies during FR3 
training, then, under normal conditions, DLS ChIs may be 
promoting exploitative behaviors. If, on the other hand, in-
hibition results in animals fixating on previously learned 
strategies during FR3 training, it could be concluded that 
these neurons normally promote explorative behaviors. After 
training, RT60 testing allowed us to assess the pliability of 
the learned behavioral responses. To best capture the effect 
of ChI inhibition, we looked at two main measures of be-
havior, pressing rates and types of pressing bouts, as well as 
reward procurement behavior (magazine entry). This survey 
can illuminate whether animals continue pressing at learned 
rates despite a task shift, and also whether animals that con-
tinue pressing do so using an already-acquired strategy (e.g., 
one-press bouts during the shift to FR3 training) or form a 
new strategy (e.g., three-press bouts during the FR3 training). 
Importantly, there is no impetus to change behavior other than 
for the reason to shift responding to be the most energetically 
optimal; costs associated with behavioral perseveration (i.e., 
continuing to use the initially learned one-press strategy) 
include costs to energy and efficiency. In other words, re-
ward will come if animals always keep using their one-press 
strategy but shifting this strategy can lead to more optimal 
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behavior. The findings we report are that animals normally 
continue the initially learned, exploitative strategy of press-
ing in one-press bouts during FR3 training; they kept doing 
what they had previously learned to do. However, with inhi-
bition of DLS ChIs, animals exhibit a shift toward behavioral 
exploration that results in the use of more optimal response 
strategies. When contingencies were removed during an 
RT60 test, with animals switched off or onto a ChI inhibition 
status, or maintained on their prior designation, animals with 
inhibition of DLS ChIs again showed more flexible respond-
ing by reducing lever press behavior to a greater degree.

2  |   MATERIALS AND METHODS

2.1  |  Animals

Subjects were male heterozygous ChAT-Cre-positive Long-
Evans rats (total N = 50, Witten et al., 2011), weighing 250-
400 g upon surgery. Rats were housed in a climate-controlled 
colony room that was illuminated from 7:00 a.m. to 7:00 p.m. 
Rats were initially pair housed but were then housed individu-
ally following surgery for the entirety of the experiment. Rats 
were given ad libitum access to food and water before and con-
tinuing 2 weeks after surgery. Rats were then placed on a food 
restriction schedule in which they were maintained at 85% of 
their ad libitum weights for the duration of the experiment. 
Experiments were carried out in accordance with the National 
Institute of Health's Guide for the Care and Use of Laboratory 
Animals and protocols were approved by the Dartmouth 
College Institutional Animal Care and Use Committee.

2.2  |  Surgical procedures

Surgery was performed under aseptic conditions with iso-
flurane anesthesia. Intracranial viral infusions were made 
with a 10-μl syringe equipped with a 33-gauge beveled nee-
dle (World Precision Instruments, Inc., Sarasota, FL) and a 
Quintessential Stereotaxic Injector (Stoelting Inc., Kiel, WI). 
Infusions were made into the DLS bilaterally at 0.5 mm an-
terior from bregma, 3.8 mm from the midline, and 4.3 mm 
ventral from the skull surface. Each infusion was 0.5 μl in 
volume and was made at a rate of 0.15  μl/min. Following 
infusion, the syringe was left in place for 3 min to allow for 
diffusion. Rats received infusions of the Cre-dependent in-
hibitory hM4D(Gi) DREADD (N = 40; AAV8-hSyn-DIO-
hM4D(Gi)-mCherry; Addgene) or of a virus that contained 
Cre-dependent DNA for mCherry but not the hM4D(Gi) 
receptor (N  =  10; AAV8-hSyn-DIO-mCherry; Addgene). 
Expression of the transgenes was allowed to take place over 
the course of 3  weeks before the beginning of behavioral 
training. Final group assignments are shown in Figure 1d.

2.3  |  Apparatus

Behavioral procedures were carried out in 8 identical 
standard conditioning chambers (24 × 30.5 × 29 cm; Med 
Associates, Georgia, VT) enclosed in sound-attenuating 
chambers (62 × 56 × 56 cm) outfitted with an exhaust fan 
to provide airflow and background noise (~68 dB). The con-
ditioning chambers consisted of aluminum front and back 
walls, clear acrylic sides and top, and grid floors. Each cham-
ber was outfitted with a food cup recessed in the center of 
the front wall. Retractable levers were positioned to the left 
and right of the food cup. These levers were 4.8 cm long and 
positioned 6.2 cm above the grid floor. The levers protruded 
1.9 cm when extended. The chambers were illuminated by a 
house light mounted 15 cm above the grid floor on the back 
wall of the chamber. Task events were controlled by com-
puter equipment located in an adjacent room.

2.4  |  Behavioral procedures

Training began 3 weeks following surgery with an initial 30-
min magazine acclimation session where grain pellets were 
delivered at an average rate of one pellet every 30 s. Delivery 
of the pellet was accompanied by an audible click made by 
the food hopper. The following day, rats were advanced to a 
fixed-ratio-1 (FR1) schedule of delivery, where two levers 
were continuously presented to the animals, one active and 
the other inactive, and one active lever press earned one 
grain pellet reward (BioServ, Product #F0165, 45 mg dust-
less precision pellets: Protein 21.3%, Fat 3.8%, Carbohydrate 
54.0%). Before being able to earn the next reward, animals 
were required to enter the magazine area. Lever designations 
remained constant throughout training and testing and were 
counterbalanced across animals. Successful completion of 
the FR1 training session was defined as earning 20 reinforc-
ers within a 30-min session. There was no administration of 
CNO or Vehicle at this point in the experiment and rats were 
not advanced in training until completion of this FR1 task.

After successful completion of one FR1 training session, 
animals began FR3 training where three correct lever presses 
were required to earn a single reinforcer. FR3 training was 
chosen as it required learning of a new task requirement 
while having a defined response—three presses were consis-
tently required to earn outcomes. Thirty minutes prior to each 
FR3 training session, animals were given an injection of ei-
ther Vehicle (sterile water, 1 ml/kg, i.p.) or CNO (1 mg /mL /
kg in sterile water, i.p.; National Institute of Mental Health 
Chemical Synthesis and Drug Supply Program). During the 
FR3 training phase, the 10 animals that received infusions of 
virus lacking the DNA for the hM4D(Gi) all received CNO 
injections and are designated as “CNO control.” The 40 ani-
mals that received viral infusions that included the DNA for 
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the hM4D(Gi) receptor, Group Gi, were split into two groups 
of 20 animals each, one that received injections of water 
and the other that received injections of CNO (“Vehicle” 
and “CNO,” respectively). A group summary is presented in 
Figure 1d.

After three consecutive FR3 training sessions were com-
pleted, animals advanced to RT60 testing. Levers were still 
presented to animals, but no action was required for reinforc-
ers to be delivered and lever pressing had no effect on rein-
forcer delivery. Instead, reinforcers were simply delivered to 
food cups every 60  s, on average. The CNO control group 
continued to receive injections of CNO prior to each test ses-
sion. The two groups that received either Vehicle or CNO 
injections during training were split into four groups during 
RT60 testing. Groups can be summarized as such: 10 animals 
received water injections for the entirety of the experiment 
(Veh-Veh), 10 animals received CNO injections for the en-
tirety of the experiment (CNO-CNO), 10 animals received 
CNO injections during RT60 test only (Veh-CNO), and 10 
animals received CNO injections during FR3 training only 
(CNO-Veh). The crossover design was used to control for 
prior CNO history. A summary of group identities is depicted 
in Figure  3a. RT60 testing concluded after three sessions. 
During this RT60 test, the optimal action would be to cease 
responding and simply wait for reinforcers to be delivered. 
This task was chosen as a measure of animals' sensitivity to 

a change in the causal consequences of their actions. While 
previous studies (e.g., Balleine & Dickinson,  1998; Corbit 
& Balleine, 2000) used a contingency degradation procedure 
whereby rewards continue to be earned as was learned but ad-
ditional rewards are noncontingently delivered, administering 
a full contingency removal here made for a more objectively 
clear optimal action strategy of cessation of lever pressing al-
together. Furthermore, this free reinforcement procedure has 
been used previously following instrumental training, allows 
animals to act freely, and produces response decrements that 
are similar to extinction while reducing spontaneous recov-
ery (Balleine & Killcross, 1994; Boakes & Halliday, 1975). 
However, we recognize that our strategy produces difficul-
ties in linking behavioral responses to RT60 here to those 
resulting from the contingency degradation procedure in the 
literature.

2.5  |  Data analysis

Lever deflections and pellet magazine entries were recorded 
through MedPC. Lever press rates are calculated in two 
ways: per reinforcer delivered and per minute. Presses per 
reinforcer show how efficient animals were in working while 
presses per minute informs how quickly an animal is working 
for reinforcers.

F I G U R E  1   Histological results. (a) Schematic representation of DIO-hM4D(Gi)-mCherry expression in the dorsolateral striatum (DLS) of 
rats from Group Vehicle and Group CNO (n = 40). (b) Schematic representation of DIO-mCherry expression in the DLS of rats from Group CNO 
control (n = 10). Numbers indicate distance from bregma in mm. Coronal slices adapted from Paxinos and Watson (2009). (c) Representative 
image showing DIO-hM4D(Gi)-mCherry in the DLS. (d) Group assignments by experiment phase, with CNO administration noted. During FR1 
training, injections were not given. Upon FR3 training, animals were split into three groups (Vehicle, CNO, and CNO control). Group Vehicle 
and Group CNO received hM4D(Gi) DREADDs tagged with mCherry while Group CNO control received infusions mCherry alone during 
surgery. At RT60, groups were split once again, to control for CNO-exposure history. CNO, clozapine N-oxide
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Additionally, a key measure in this study was pressing 
strategy or the type of lever press bouts used by animals. 
Bouts are defined as the number of lever presses made be-
tween magazine entries. While animals could use a variety of 
bout types, the most efficient bout strategy is implicitly de-
fined by the task parameters. During the FR1 phase of train-
ing, a press-check method (one-press bout) would be optimal. 
However, during FR3 training, if this same strategy was em-
ployed, only one of every three checks would be successful. 
Therefore, the most optimal strategy would be a press–press–
press–check strategy (three-press bout), where less energy is 
spent going between the lever and food cup.

All figures were constructed using R (“ggplot2”) and styl-
ized using Adobe Illustrator. All statistical tests were carried 
out using R, as previously described (R Core Team 2016; see 
Amaya et al., 2020; Smedley & Smith, 2018). Individual linear 
mixed models (R; “lme4”) were used to analyze effects of de-
pendent variable responding (ex. lever presses per reinforcer or 
minute (ppr, ppm)) by fixed effects of experimental group and 
session while accounting for random effects of differences in 
individual starting values for the dependent variable in Session 
1. Initially, contrasts to compare the dependent variables of the 
two control groups were used. Once no difference was observed 
between the two control groups, zero sum contrasts were made 
for categorical variables (i.e., group) comparing the experimen-
tal group to both control groups together. Linear mixed mod-
els are fit by maximum likelihood and t-tests use Satterthwaite 
approximations of degrees of freedom (R; “lmerMod”). Linear 
mixed models were analyzed with package lme4 from CRAN 
(Bates et al., 2015). The reported statistics include parameter 
estimates (β values), 95% confidence intervals, and p-values 
(R; “lmerTest”). Linear mixed models were used because they 
consider aspects of the data structure that repeated measures 
ANOVA cannot and allows for safer generalization to larger 
populations of animals. For instance, mixed models expect a 
greater likelihood that repeated measures taken from one an-
imal over time tend to be more similar than across animals 
and can account for these trends (Boisgontier & Cheval, 2016; 
Smedley & Smith, 2018).

For the analysis of bout data during training, we created 
generalized linear mixed models using family  =  binomial 
to analyze effects of dependent variable responding (bout-
type probability) by fixed effects of session, an experimen-
tal (CNO) versus control (Vehicle + CNO control) contrast, 
and an interaction between these, along with random effects 
of individual rat starting points. For generalized linear mixed 
models assessing bout probabilities during training, session 
was re-centered such that Session 3 of training, the final ses-
sion, is the comparison point for the main effect of Group. The 
generalized linear mixed model is similar to the linear mixed 
model as it factors in start points for each individual rat, but 
the parameter estimates given by this type of model are best 
interpreted as odds ratios, where the numerical value is the 

ratio of two probabilities: the probability of an event happen-
ing in one condition compared to the probability of the same 
event happening in another condition. As the parameter esti-
mates of generalized linear mixed models are multiplicative, 
an odds ratio of 1.0 indicates no effect of treatment between 
groups while values greater than 1.0 show an increased proba-
bility of an event happening in a group that received treatment 
and a value less than 1.0 reflecting lower odds.

For the analysis of lever press data during RT60 testing, 
a linear mixed model was used to analyze effects of depen-
dent variable responding (lever presses per reinforcer or min-
ute (PPR)) by fixed effects of experimental group and session 
while accounting for random effects of differences in individ-
ual starting values for the dependent variable in Session 1. 
Reported statistics include parameter estimates, confidence in-
tervals, and p-values. To analyze changes in responding during 
RT60, particularly Day 2 compared to Day 1 baseline respond-
ing (PPR or magazine entries made), the percent change in 
responding was calculated. After using a Shapiro–Wilk nor-
mality test to determine that the data were not normally distrib-
uted, effects of final Group assignment on percent responding 
were calculated using a Wilcoxon rank-sum test.

For the analysis of bout data between FR3 training and 
RT60 testing, generalized linear mixed models using fam-
ily  =  binomial to analyze effects of bout-type probability 
by fixed effects of Session, a CNO-Switch contrast (was 
CNO or vehicle delivery consistent for both phases of the 
experiment or did animals switch from vehicle to CNO or 
vice versa between experimental phases), and the interac-
tion between Session and Switch, along with random ef-
fects of individual rat starting points were created. Models 
were created to predict one-press bout probability as well 
as three-press bout probability. Meanwhile, for the analysis 
of within-bout-type change between testing Day 1 and Day 
2, an approach similar to PPR and magazine entry changes 
was employed. Data normality was tested using a Shapiro–
Wilk normality test, then Group effects were assessed using 
a Wilcoxon rank-sum test.

2.6  |  Histological procedures

Following behavior, rats were anaesthetized with sodium 
pentobarbital (100  mg/kg) and perfused intracardially with 
0.9% saline, followed by 10% formalin. Brains were removed 
and stored in 20% sucrose, and then sectioned at 60  µm. 
Sections were then mounted on microscope slides and cover 
slipped with a DAPI-containing hardset mounting medium 
(Vectashield; Vector Laboratories, Burlingame, CA, USA) 
for verification of hM4D(Gi)-mCherry or mCherry expres-
sion in the DLS using a fluorescent microscope (Olympus, 
Center Valley, PA, USA). To assess for bilateral expres-
sion of hM4D(Gi)-mCherry, the extent of the areas of 
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expression was mapped onto structural boundaries per 
Paxinos & Watson, 2009 (Figure 1a,b).

3  |   RESULTS

3.1  |  Histological results

Figure 1a,b shows a schematic representation of hM4D(Gi)–
mCherry (1A, Group Gi) and mCherry (1B, Group mCherry) 
expression. The spread of virus was confined to the most 
dorsal and lateral aspects of the striatum, and representa-
tive images are presented in Figure 1c. Spread of DREADDs 
expression along the injector tract above DLS was not ob-
served. No animals were excluded from the experiment for 
histological inaccuracies.

3.2  |  DLS ChI inhibition during fixed-ratio 
training promotes optimality while preserving 
action efficiency

Prior to fixed-ratio-3 training (FR3), animals were required 
to complete magazine training, where pellets were freely de-
livered (no levers present) and a fixed-ratio-1 (FR1) train-
ing session. Animals from each group, Group Gi (n = 3) and 
Group mCherry (n = 2), were excluded from the experiment 
for failing to complete FR1 training after multiple sessions 
(≥14 sessions) of failed completion. No CNO was admin-
istered during these initial training phases; animals began 
receiving injections of CNO or vehicle during FR3 training. 
Therefore, neither inhibition of cholinergic interneurons nor 
administration of CNO could be an explanation for failure to 
advance to FR3 training.

The mean number of lever presses per reward (PPR) 
during FR3 training is presented in Figure 2a. Each group, 
over the 3 days of FR3 training, pressed approximately three 
times per reward delivered. A linear mixed model with fixed 
effects of Session, Group, and an interaction between these 
predictors, along with random effects of rat starting points 
revealed no significant effects of any of the predictors of the 
presses per reward data as all groups across the 3  days of 
training pressed the correct lever at similar rates. In other 
words, ChI manipulation did not impact the number of times 
the lever was pressed with respect to the number of rewards 
that were delivered; all animals were pressing very close to 
the minimum number of presses required to earn the maxi-
mum number of outcomes.

The mean number of lever presses per minute (PPM) 
during FR3 training is presented in Figure  2b. Presses per 
minute as a measure of performance consider time rather 
than the number of outcomes delivered. Animals were ca-
pable of pressing the lever the minimum number of times 

to earn reinforcers, one potential measure of efficiency, as 
shown in Figure 2a. However, another measure of efficiency 
could include how quickly an action is performed.

To compare group press rates with respect to time, a lin-
ear mixed model used PPM as the dependent variable by 
fixed effects of Session, Group, and the interaction between 
Session and Group, with random intercepts for individual 
start points included. There was no main effect of Group (es-
timate: −3.07, CI: −0.38 to 6.53, p = 0.084), indicating that 
the experimental animals (CNO) did not differ from control 
animals (CNO controls + Vehicle) in their overall mean press 
rates. However, there was a significant effect of Session (es-
timate: 3.33, CI: 2.72–3.93, p < 0.001), showing that all an-
imals increased their lever press rates as training progressed. 
There was also a significant interaction between Group and 
Session (estimate: 1.08, CI: 0.28–1.88, p = 0.010), indicating 
that the experimental group increased PPM over sessions to 
a greater degree than controls did, which suggests that ChI 
inhibition increased the speed at which experimental animals 
earned reinforcers over training sessions.

The mean number of magazine entries, presented as en-
tries made per reward delivered, is presented in Figure 2c. 
A linear mixed model of these data revealed no significant 
Group effect or a significant interaction between Group and 
Session. However, a significant effect of Session was ob-
served (estimate: −1.88, CI: −2.26 to −(1.49), p < 0.001), 
suggesting that all animals slightly decreased the rate at which 
they entered the magazine area per each reward delivered.

The mean probabilities of employing one-press (white), 
two-press (orange), and three-press (purple) bouts during 
each FR3 training session, with group identities represented 
by shape, are presented in Figure 2d–f, respectively. For each 
bout type, separate generalized linear mixed models were cre-
ated to analyze the effects of ChI inhibition (Group), training 
Session, and the interaction between Group and Session on the 
likelihood of employing each strategy, while accounting for 
individual rat starting probabilities. First, the one-press bout 
model revealed significant effects of Group (odds ratio (OR): 
0.51, CI: 0.38–0.69, p < 0.001), Session (OR: 0.81, CI: 0.75–
0.87, p < 0.001), and a significant interaction between Group 
and Session (OR: 0.72, CI: 0.65–0.80, p < 0.001). Next, the 
two-press bout model revealed significant effects of Group 
(OR: 1.31, CI: 1.05–1.64, p = 0.017), Session (OR: 1.13, CI: 
1.06–1.20, p < 0.001), and a significant interaction between 
Group and Session (OR: 1.11, CI: 1.02–1.20, p = 0.014). The 
three-press bout model showed significant effects of Group 
(OR: 2.23, CI: 1.49–3.33, p < 0.001), Session (OR: 1.50, CI: 
1.33–1.68, p < 0.001), and a significant interaction between 
Group and Session (OR: 1.45, CI: 1.25–1.68, p  <  0.001). 
Additionally, four-press and greater bout probabilities were 
also considered (data not graphed) and were found to be in-
creased. This model revealed significant effects of Group 
(OR: 3.83, CI: 1.63–9.00, p = 0.002), Session (OR: 1.84, CI: 
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1.27–2.65, p = 0.001), and a significant interaction between 
Group and Session (OR: 2.72, CI: 1.55–4.76, p < 0.001).

Taken together, these data show that the ChI-inhibition 
group decreased the likelihood of employing the one-press 
bout strategy overall and as training progressed and in-
creased the likelihood of employing other bout strategies. 
Importantly, while there were significant effects seen in 
the two-press bout model, indicating that the experimental 
animals were more likely to employ this strategy over time 
than their control counterparts, the effects in that model are 
modest in comparison to those seen in the three-press and 
four-plus-press bout models, meaning that the experimental 

animals disproportionately increased their propensity to use 
the those strategies over the two-press bout strategy over 
training sessions. Despite that fact, overall, the two-press 
bout strategy was still used more frequently on the final train-
ing session. A breakdown of these strategy frequencies on 
the final day of FR3 training is presented in Figure 2g with 
the mean bout size of the experimental CNO group (1.67) 
being greater than the mean bout sizes of either control group 
(CNO control: 1.32; vehicle control: 1.30). We note that no 
animal fully adapted to the more optimal three-press bout 
strategy, which we suspect was due to the short period of time 
provided (three sessions) in which to change their behavior.

F I G U R E  2   Behavioral training results. (a) Presses per reinforcer. All three groups of rats, Group CNO, Group Vehicle, and Group CNO 
control, pressed the active lever equivalently as measured by the number of presses made per reinforcer over FR3 training days. (b) Presses 
per minute. The average Group CNO press rate as a measure of presses made per minute increased compared to the two control groups over 
FR3 training days. (c) Magazine entries per reward. The overall average entries made per reward decreased over training days. (d–f) Bout-type 
probabilities by training day. Three types of bouts are presented, one-bout (d), two-bout (e), and three-bout (f) in white, orange, and purple, 
respectively. Shapes indicate group assignment (diamond = CNO control, square = Vehicle, circle = CNO). There is a drop in the average one-bout 
probability, and a concomitant rise in two- and three-bout probabilities, in Group CNO but not in control groups. FR1 bout probabilities, before 
animals were exposed to CNO, are presented to the left of the dashed line to show stability in tendencies between FR1 training and the 1st day of 
FR3 training. Error bars represent ± SEM. (g) Bout frequencies by group assignment on FR3 Day 3. Group Vehicle and Group CNO show similar 
one-press (white), two-press (orange), three-press (purple), and four-press and greater (gray) bout frequency tendencies on the final day of fixed-
ratio training. Group CNO used the one-press bout strategy less than control animals while increasing the use of the other bout strategies
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3.3  |  Inhibition of DLS ChI activity during 
RT60 training promotes exploration (relation 
to ChI inhibition history)

The objectively logical strategy upon removal of action–
outcome contingencies during RT60 training would be for 
animals to cease pressing and merely wait for reinforcers to 
be delivered, as no action is required in this phase of the ex-
periment. Behavioral flexibility leading toward an optimal 
strategy would thus be seen as lever press reduction, as is 
seen with contemporary “contingency degradation” proce-
dures (see above). In such studies, however, it is often un-
clear whether animals continue performing as they had but at 
a reduced rate (i.e., action bout type as defined here) or ad-
ditionally change their performance structure as a potentially 
orthogonal measure of increased flexibility. Thus, here, anal-
yses of RT60 data are centered on both types of measures: 
lever press rates with respect to rewards delivered, bout-types 
employed, and how each of these changed over sessions. A 

review of how groups were split from training to testing is 
presented in Figure 3a. In Figure 3b, a summary of presses 
per reinforcer by group over three test days is presented. A 
linear mixed model using presses per reinforcer as the de-
pendent variable by fixed effects of CNO assignment, and 
logarithmic Session, and the interaction between logSession 
and CNO assignment with random intercepts for individual 
rat was created. Logarithmic Session (logSession) was cho-
sen as the data appear to asymptote, a key characteristic of 
an exponential decay curve. This model yielded no signifi-
cant effects of CNO assignment or any significant interac-
tions between CNO assignment and logSession. There was a 
significant effect of logSession (estimate: −8.49, CI: −13.59 
to (−3.39), p = 0.001), indicating that lever presses per rein-
forcer decayed over test sessions. Complete statistics for this 
model can be found in Table 1.

The data presented in Figure 3b appear variable between 
groups before lever pressing tapers off and asymptotes by the 
end of testing. Therefore, focusing on only the first two test 

F I G U R E  3   Behavioral testing results. (a) Schematic representing how animals with hM4D(Gi) were split into groups from FR3 training 
(two groups) to RT60 testing (4 groups). Splitting animals as such allowed to control for cholinergic interneuron inhibition history when assessing 
behavior in test. CNO control animals received a virus that lacked the DNA for the hM4D(Gi) DREADD but were given CNO injections during 
each phase of the experiment. (b) RT60 presses per reward (PPR). The average press rate of each group as a measure of PPR over all RT60 test 
sessions. (c) Percent change in PPR behavior among groups. Press behavior on Day 2 of RT60 testing was compared to the press behavior of 
Day 1 and is presented as a percent change. Animals with cholinergic interneurons off-line at the time of test (left) decreased lever press behavior 
more than controls, regardless of CNO-exposure history. This effect was not present if animals were grouped by ChI inhibition during training 
(right). Bars are colored to indicate which groups were pooled together for analysis. (d) Percent change in magazine entries made per minute 
across all groups. Similar to the results presented in c, magazine entry rates on Day 2 of test were compared to magazine entry rates on Day 1 and 
are presented as a percent change. There are no observed effects of group on magazine entry behavior, indicating that entry behavior remained 
steady across these two test sessions. (e) One-press bout probability changes between the final training day and the first test day by RT60 group 
assignment. (f) Three-press bout probability changes between the final training day and the first test day by RT60 group assignment. (g) Changes in 
one-press bout probabilities during the second RT60 test session as a percentage of the first RT60 test session, by group assignment. (h) Changes in 
three-press bout probabilities during the second RT60 test session as a percentage of the first RT60 test session, by group assignment. All error bars 
represent ± SEM
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sessions, the percentage of lever pressing during Session 2 as 
compared to Session 1 is presented in Figure 3c. This figure 
suggests that animals with ChI inhibition at the time of test, 
regardless of previous CNO exposure during training, act 
similarly when action–outcome contingencies are removed. 
To test this, animals were grouped together based on ChI 
inhibition during test into control (CNO control + Vehicle) 
and experimental (CNO) groups. A Shapiro–Wilk normality 
test reveals that these percent data reported are not normally 
distributed (W  =  0.939, p  =  0.013). Therefore, to analyze 
group effects, a Wilcoxon rank-sum test revealed a signif-
icant effect of group on percentage of baseline responding 
(W = 202, p = 0.035). Importantly, grouping the animals by 
their previous CNO exposure was not a significant predictor 
of percentage of baseline responding (W = 342, p = 0.415). 
Additionally, CNO delivery alone does not explain the effects 
because grouping animals by CNO administration, regardless 
of their DREADDs expression, was not significant either 
(W = 329, p = 0.576). Figure 3d compares magazine entries 
per minute on RT60 test day 2 relative to test day 1, similarly 
to how PPR data were analyzed. There was no group effect on 
magazine entries as rewards were still delivered during test 
(W = 269, p = 0.549).

Figure  3e shows how one-press bout mean probabili-
ties changed from the final FR3 training session to the first 
RT60 test session, while Figure  3f shows how three-press 

bout probabilities changed in this way as well. Both figures 
show data split by final group assignment. One-press bout 
probabilities increased, decreased, or remained constant de-
pending on whether or not ChI inhibition changed between 
the training and testing phases of the experiment. That is, if 
ChIs were inhibited only during test, then the probability of 
a one-press bout decreased on the first day of RT60 testing. 
Similarly, if ChIs were inhibited only during training, but 
their activity was undisrupted during test, the probability of 
employing a one-press bout strategy was increased. However, 
if ChI activity remained constant through both phases of the 
experiment, no change in one-press bout probability was ob-
served. To capture this in the generalized linear mixed model, 
the factor “Switch” was created to represent these changes 
in CNO administration. Consider switches to be either up-
switches (CNO–Veh animals) or down-switches (Veh–CNO 
animals) determined by whether ChIs are online or offline 
during test relative to training. This factor along with Session 
and the interaction between Switch and Session was used 
to examine potential effects on bout probability. Here, there 
were significant main effects of switching as compared to 
not switching ChI inhibition, be it inhibiting for the first time 
during test (odds ratio (OR): 0.20; CI: 0.09–0.45; p < 0.001) 
or not inhibiting ChIs during test (OR: 6.13; CI: 2.89–12.98; 
p  <  0.001). There was no significant Session effect (OR: 
0.86; CI: 0.74–1.01; p = 0.07). However, there were signif-
icant interactions between Switch and Session, indicating 
that the up-switch (OR: 2.34; CI: 1.66–3.29; p < 0.001) and 
down-switch groups (OR: 0.44; CI: 0.32–0.60; p  <  0.001) 
changed the propensity with which the one-press bout strat-
egy was employed differently over sessions than did the no-
switch group.

Similar findings were observed when considering three-
press bout probability changes between training and testing 
experimental phases. Using the same Switch factor, Session, 
and the interaction between Switch and Session, a generalized 
linear mixed model was created to analyze effects on three-
press bout probability. The model revealed significant main 
effects of up-switch (OR: 5.81; CI: 2.15–15.72; p = 0.012) 
and down-switch (OR: 0.24; CI: 0.08–0.73; p  =  0.001) 
groups compared to the no-switch group but no significant 
main effect of Session (OR: 0.88; CI: 0.68–1.14; p = 0.34). 
However, there were significant interactions between Switch 
and Session, indicating that the up-switch (OR: 0.42; CI: 
0.25–0.70; p = 0.001) and down-switch groups (OR: 1.93; 
CI: 1.11–3.36; p = 0.019) changed the propensity with which 
the three-press bout strategy was employed differently over 
sessions than did the no-switch group. In other words, as ChIs 
activity changed between experimental phases, the likelihood 
of using particular bout strategy changed in “Switch” groups.

The bout-type effects described above are selective in 
that there are no such changes observed between RT60 
test sessions, only between training and testing when ChI 

T A B L E  1   Complete statistics from a linear mixed model using 
presses per reinforcer as the dependent variable by fixed effects of CNO 
assignment, logarithmic Session, and the interaction between logSession 
and CNO assignment with random intercepts for individual rat

Predictors

PPR

Estimates CI p

(Intercept) 19.70 10.48–28.92 <0.001

CNO1 4.69 −8.70 to 18.09 0.494

CNO2 8.36 −4.38 to 21.10 0.201

CNO3 −2.49 −16.32 to 11.34 0.724

CNO4 1.86 −10.63 to 14.34 0.771

logDay −8.49 −13.59 to −3.39 0.001

CNO1:logDay −1.87 −9.28 to 5.54 0.622

CNO2:logDay −4.33 −11.37 to 2.72 0.231

CNO3:logDay 1.74 −5.91 to 9.38 0.657

CNO4:logDay −0.76 −7.66 to 6.15 0.831

Random effects

σ2 3.84

τ00 Rat 5.04

ICC 0.57

NRat 50

Observations 150

Marginal R2/Conditional R2 0.187/0.648
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activity switches from being online-to-offline or vice versa. 
Figure 3g,h illustrate this for one-press and three-press bout 
probabilities, respectively. These data are presented in a man-
ner similar to press and magazine entry data (Figure 3c,d) for 
the ease of visualization and are analyzed in the same manner 
as well. There was no effect of switch on the change in one-
press bout probability (W  =  238, p  =  0.23) or three-press 
bout probability (W = 325, p = 0.63) between the first two 
RT60 sessions. Overall, these bout probability results show 
that changing CNO administration (ChI inhibition) between 
training and testing had an effect on the strategies employed 
by animals while lever pressing persisted on the first RT60 
test session. Generally, this suggests that the presence of a 
relationship between an action and its outcome had some 
bearing on whether cholinergic signaling altered the strate-
gies being used.

4  |   DISCUSSION

In environments where rewards occur contingent on cer-
tain behaviors, there is often a tradeoff between explor-
ing new options of behavior (for potentially greater reward 
gain per level of energy expenditure) and behaviorally ex-
ploiting what has been learned (for a relatively easy con-
tinued use of what has worked in the past). In the brain, 
the DLS, including its projection neurons (MSNs) and 
GABAeric interneurons, is thought to be a critical com-
ponent of behavioral exploitation in forms that can range 
from maintaining action sequences, expressing habits, 
and honing/executing complex motor skills (Amaya & 
Smith, 2018; Balleine, 2019; Barnes et al., 2005; Dudman 
& Krakauer,  2016; Graybiel,  2008; Kalueff et  al.,  2016; 
Klaus et  al.,  2019; Kubota et  al.,  2009; Malvaez & 
Wassum,  2018; Packard & Knowlton,  2002; Smith & 
Graybiel, 2013; Yin & Knowlton, 2006; Yin et al., 2004; 
Yttri & Dudman,  2018). Cholinergic interneurons (ChIs) 
are another potentially critical population of neurons for 
this DLS-related function. While relatively sparse in the 
striatum, ChIs have been shown to have a profound impact 
on striatal processes. Specifically, ChIs have been studied 
in the DMS and DLS with respect to acquiring learned 
action–outcome associations and monitoring habit-like ac-
tion plans, respectively. ChIs in both the DMS and DLS 
were implicated in behavioral flexibility, with ChI ablation 
in DMS hampering flexibility and ChI stimulation in DLS 
promoting adoption of a substituted response plan for re-
ward (Aoki et al., 2018; Bradfield et al., 2013). However, 
the role of DMS ChIs pertaining to flexibility is still de-
bated with a report showing increased flexibility following 
ablation (Okada et al., 2014). Additional results from Aoki 
et  al.  (2018) indicated that chemogenetic stimulation of 
DLS ChIs did not accelerate initial habit formation.

The results we report here extend these findings to show 
that inhibiting DLS ChIs promotes behavioral exploration 
leading to more energetically optimal strategies of reward-
seeking behavior. By extension, normally active ChI activity 
in the DLS would promote behavioral exploitation and acqui-
sition of new action sequence strategies when the environ-
ment changes. Specifically, we show that animals develop a 
one-press bout strategy as would be expected of an FR1 re-
inforcement schedule. Animals continued using this strategy 
when the reinforcement contingency was suddenly switched 
to FR3, as evidence that they were exploiting their one-press 
bout learning and not behaving behaviorally exploratory. ChI 
inhibition during this FR3 training period led to more behav-
ioral exploration, as indicated by a change in bout types being 
used; this exploration ultimately led to a more energetically 
optimal strategy (i.e., increased use of three-press bouts), al-
though this was not exclusively the strategy used as all non-
one-press bout-type frequencies (2, 3, and 4+) increased. 
While this effect was quite evident, we recognize that it was 
not a truly profound effect as the dominant type of bout in an-
imals with ChI inhibition remained the one-press. This could 
be due to many factors, including a lack of complete ChI 
inhibition resulting from the DREADDs method, the small 
anatomical area of DLS coverage of the DREADDs recep-
tor, and/or the fact that a small population of total DLS cells 
even within the small spatial area were inhibited. Given these 
factors, in fact, it remains notable how clearly such a limited 
perturbation of overall DLS activity did affect behavior.

When contingencies were removed during RT60 testing 
after FR3 training, inhibition of ChIs similarly facilitated 
the cessation of lever press behavior, arguably the optimal 
strategy to use. In other words, animals with ChI inhibition 
were more likely to decrease pressing, as would be the most 
appropriate response with respect to optimal energy expendi-
ture. Magazine entries made per minute remained consistent 
across groups from test day 1 to test day 2. We must highlight 
that this could be because animals responded to the sound 
of the feeder clicking to deliver reinforcers during these ses-
sions, as these sessions were fully rewarded. Pressing bout-
type data were considered in this RT60 test phase as well. 
While the most straightforward measure to consider during 
RT60 test is lever press behavior plainly, bout probabilities 
could shed additional light on behavioral flexibility insofar 
as whether or not animals were fixed on a certain strategy 
or were willing to try other strategies when press behavior 
was divorced from outcome delivery. Indeed, flexibility of 
this sort in some groups was observed, but appeared not to 
be specific to ChIs being on- or offline but instead whether 
there was a change in CNO administration between exper-
imental phases. Specifically, between the training and test-
ing phases, the number of groups increased from 3 to 5, 
with some groups continuing to receive the same treatment 
(CNO-CNO, Veh-Veh, CNO control) and others switching 
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treatments (Veh-CNO, CNO-Veh) at that point in the exper-
iment. Animals that received the same treatment for both 
training and test maintained the proportion of bout types em-
ployed between the two phases of the experiments while an-
imals that switched designations showed changes in the odds 
that one strategy was used over another. This is interesting 
as it hints that not only is the simple binary of on- or of-
fline insufficient to fully capture ChI contributions to behav-
ioral flexibility, but flexibility can be expressed in multiple 
forms: lever press cessation and strategy shifts. Focusing on 
the latter, onset (or offset) of inactivation appears to play a 
role in bout-type selection. The Veh-CNO group specifically 
shows that inactivation mid-experiment buoyed the mean 
three-press bout probability modestly, but significantly, over 
time when compared to the group that did not experience a 
switch. A murkier effect is seen in the CNO-Veh group, one 
that previously had ChI inhibition during training but normal 
ChI activity during test, as these animals actually reverted 
back to reliance on a one-press bout strategy. Perhaps ChI 
inactivation promoted the adoption of an optimal strategy in 
real-time, during training, but this preference was not lasting. 
Additional support of the switch being a key factor in altering 
bout-type probabilities is that the probability shifts observed 
between training and the first test session were not observed 
between RT60 Session 1 and Session 2, when there were no 
CNO administration switches. To summarize, we note that 
bout changes were not as clearly related to ChI activity status 
during the RT60 switch as they were during the ratio sched-
ule change earlier, but instead may relate to the interaction of 
ChI history and current ChI state. Also, any bout trends that 
were similar to those seen during ChI inhibition in the ratio 
schedule switch could be unrelated to the RT60 reinforce-
ment condition per se. However, the drop in response rate 
during this RT60 period was notably different than behavior 
during the ration schedule switch, and thus likely did relate to 
the change in reinforcement schedule. Further work to fully 
understand these effects is required.

Some limitations of our work must be considered. 
Physiologically, cholinergic interneurons in the striatum 
are known to pause their tonic activity in response to sa-
lient events after learning (Aosaki et  al.,  1994; Zhang & 
Cragg, 2017). These pauses have also been shown to coin-
cide with phasic dopaminergic firing, potentially signaling 
reward prediction errors, suggesting that they are involved in 
reinforcement learning (Morris et al., 2004). Characteristics 
of ChI activity pauses also may have distinct functional roles 
in learning: pause amplitude has been tied to spatial and 
temporal information about cues and rewards and pause re-
bound amplitudes vary with outcome probability (Apicella 
et al., 2009, 2011; Sardo et al., 2000). Our manipulation here 
is temporally blunt with respect to these ChI firing dynam-
ics, as ChIs were essentially inhibited for the duration of the 
session in our study; therefore, if the ChI pause played a role 

in behavior here, we fail to parse out how the details of ChI 
activity, pausing, and rebound may be most important for the 
behaviors observed here. Regardless, the accelerated emer-
gence of explorative behaviors reported in this experiment 
could support a gain-of-function hypothesis, with the cholin-
ergic pause at the crux. A second limitation concerns inter-
pretation of the RT60 data. While it provides a clear readout 
of how animals do or do not reduce responding in a flexible 
manner, it still remains equivocal as to whether reductions 
in responding reflect (a) response inhibition, or (b) learning 
that the action–outcome contingency is degraded. Resolving 
this disparity would require comparing ChI inhibition during 
an extinction session to this RT60 session or using a tradi-
tional contingency degradation procedure (see Section 2). 
Furthermore, it might be argued that our task-long inhibition 
of ChI activity increased three-press bouts (in the FR3 switch) 
and reduced RT60 pressing (in the RT60 switch) because it 
disrupted DLS function and effectively impaired memory re-
call. In this view, rats with ChI inhibition are more flexible 
because there is less interference from the memory of prior 
learned behaviors (e.g., the FR1 learning). We believe this is 
a possible mechanistic explanation of why exploration was 
encouraged by ChI inhibition, and one that deserves further 
examination. However, it is unlikely that the prior memories 
were disrupted in any dramatic sense because one-press bouts 
were still favored in animals even beyond the FR1 learning 
stage of the experiment.

Our results are not in complete agreement with the two 
prior studies that are most related to our work. In one view, if 
inhibiting DLS ChIs promotes goal directedness, presumably 
by reducing overall DLS function and its ability to encour-
age habits as the strategy of behavior, then our results agree 
with those from Bradfield et al. (2013) where ChIs in DMS 
were critical for what is regarded as typical DMS function. 
However, this view is in disagreement with results from Aoki 
et al. (2018), where excitation of DLS ChIs promoted flex-
ibility, a process not canonically ascribed to DLS function, 
and inhibition of DLS ChIs there also had no effect on the 
development of a habit response. Clearly, more work needs to 
be done to reconcile how aspects of ChI activity in different 
striatal areas contribute to the role of those areas in behavior. 
Additionally, concerning implications for DLS function, we 
note above the broad range of action- and habit-related phe-
nomena that the DLS helps support. If we take the stance 
that DLS ChIs normally help behavioral exploitation and 
the use of acquired response sequences (since ChI inhibition 
promoted exploration here), then we can say their role is in 
line with these conclusions about DLS function. Striatum-
wide ChI ablation promoted compulsive social behaviors, 
further supporting a role for these interneurons in perse-
verative behaviors (Martos et  al.,  2017). Speculatively, we 
extend a link to evidence that the DLS helps as well with con-
trolling the vigor of action performance (Crego et al., 2020; 
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Dudman & Krakauer, 2016; Smith & Graybiel, 2013; Yttri 
& Dudman, 2018). Thus, reducing ChI function here might 
reduce vigor in behavior on our task, and a reduction in vigor 
can conceivably unmask or otherwise provide an inroad for 
cognitive processes to influence the ongoing behavior (Crego 
et  al.,  2020; Dudman & Krakauer,  2016). Conversely, it is 
also possible that inhibition of ChI activity here reduced per-
formance vigor, suggesting ChIs might normally limit the 
contribution of other DLS cell types to promoting vigor. In 
this view, the increase in occurrence of larger pressing bout 
sizes (i.e., bouts above one-press) resulting from ChI inhibi-
tion could reflect a more vigorous engagement with the op-
erant lever. Additional tests are warranted to explore the ChI 
role in vigor further.

The results presented here add to an emerging story of 
how cholinergic interneuron activity contributes to behav-
ioral flexibility. While prior work examined how ChIs in 
the dorsal striatum contribute to substitution of established 
habits and behavioral flexibility after contingency changes, 
the present study adds that inhibition of DLS ChIs can pro-
mote behavioral flexibility, and thus optimality, both early 
in training, presumably before any habits were firmly estab-
lished, and after action-outcome contingencies were sud-
denly removed. Considering the mechanisms underlying the 
transitions between explorative and exploitative behaviors 
will prove valuable in resolving complications that arise as a 
product of disorders in decision-making.
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