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SUMMARY

Alcohol use disorder (AUD) alters decision-making control over actions, but disruptions to the 

responsible neural circuit mechanisms are unclear. Premotor corticostriatal circuits are implicated 

in balancing goal-directed and habitual control over actions and show disruption in disorders with 

compulsive, inflexible behaviors, including AUD. However, whether there is a causal link between 

disrupted premotor activity and altered action control is unknown. Here, we find that mice 

chronically exposed to alcohol (chronic intermittent ethanol [CIE]) showed impaired ability to 

use recent action information to guide subsequent actions. Prior CIE exposure resulted in aberrant 

increases in the calcium activity of premotor cortex (M2) neurons that project to the dorsal 

medial striatum (M2-DMS) during action control. Chemogenetic reduction of this CIE-induced 

hyperactivity in M2-DMS neurons rescued goal-directed action control. This suggests a direct, 

causal relationship between chronic alcohol disruption to premotor circuits and decision-making 

strategy and provides mechanistic support for targeting activity of human premotor regions as a 

potential treatment in AUD.
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In brief

Appropriate action control relies on learning from recent experiences. Using a rodent model, 

Schreiner et al. find evidence that chronic alcohol exposure disrupts action control by inducing 

aberrant hyperactivity in premotor corticostriatal circuits. These findings support the targeting of 

premotor cortex activity for therapeutic treatment in alcohol use disorder.

INTRODUCTION

Alcohol use disorder (AUD) is associated with alterations to decision-making, including 

goal-directed strategies employed to control one’s actions.1–6 Goal-directed control allows 

one to use information about the value of the consequence produced by the action (do I 

want it?) as well as knowledge about what action is needed to achieve that consequence 

(how do I get it?) to guide behavior. Loss of goal-directed control can result in what is 

commonly termed habits.7,8 AUD-related alterations to decision-making may contribute 

to daily dysfunction, continued alcohol abuse, and relapse,9–11 suggesting that targeting 

restoration of action control has treatment potential.12 Pre-clinical work has found AUD-

related alterations to regions important for goal-directed action control, including regions of 

the prefrontal cortex,13–18 and cortical output into the striatum.17–24 However, the specific 

circuits and mechanisms disrupted in AUD responsible for altering action control strategies 

are not clear. As novel approaches are being explored in the treatment of drug dependence, 

including repetitive transcranial magnetic stimulation (rTMS) targeting of the dorsal cortex, 

it is essential to identify the circuit-specific mechanisms involved.
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The pre-supplementary/supplementary motor areas (pre-SMA/SMA) present a potential 

but understudied treatment candidate. Pre-SMA/SMA send extensive projections into the 

dorsal striatum, are disrupted in AUD,2,3,6,25 and are involved in supporting flexible action 

control.26–28 In a rhesus macaque model, activity of pre-SMA neurons was increased during 

goal-directed control versus habits.29 Further, electrical stimulation led monkeys to switch 

from habitual to goal-directed action control,29 prompting the hypotheses that pre-SMA 

activity was recruited for suppressing habits and/or supporting goal-directed action control.

Indeed, altered activity of pre-SMA/SMA circuits has been implicated in disease states 

with disordered action control, including AUD.30–32 Abstinent individuals with AUD show 

impaired response inhibition and reduced SMA volume.3 However, correlative studies have 

been less clear, as task designs have varied. On one hand, SMA activity positively correlated 

with AUD severity, with more severe symptoms associated with greater recruitment of SMA 

activity during delay discounting.2 On the other hand, another study reported a hypoactive 

SMA during performance of a response inhibition task.6 Despite these discrepant findings, 

these studies do suggest that pre-SMA/SMA function may be altered in AUD during action 

control. However, crucially missing is a causal link between AUD-related effects on pre-

SMA/SMA function and altered action control.

The pre-SMA/SMA’s homolog in rodents, the premotor cortex (M2; also known as 

secondary motor cortex, bregma: +1 mm anterior),33 has been shown to be important 

for goal-directed and experience-based action control.34–41 M2 sends broad and dense 

projections innervating the striatum, including the dorsal medial striatum (M2-DMS; DMS, 

akin to the primate caudate nucleus) as well as the dorsal lateral striatum.42–44 We recently 

showed in mice that M2 and M2-DMS projection neuron activity represents both current and 

prior action-related information.40 M2 and M2-DMS projection activity was functionally 

necessary for action control; lesions and behavior-dependent optogenetic inhibition of 

M2-DMS projection activity prevented mice from using information gleaned from the 

prior action to guide their next action.40 These findings support the hypothesis that M2-

DMS contributes to the use of recent action performance to guide goal-directed action 

control,29 thus raising the possibility that its disruption could contribute to disease states 

with disordered action control, including AUD. Indeed, prior works have shown that this 

M2-DMS projection is potentiated in a rodent model of obsessive compulsive disorder and is 

involved in working memory deficits in a rodent model of Parkinson’s disease.45,46

However, limited mechanistic examination of rodent M2 has been done in the context of 

alcohol, AUD-related, or substance use disorder effects, and even less on how specific 

M2 projections may be involved. Brain-wide scans in rodents revealed that acute alcohol 

increased cFos within M247 and that chronic alcohol increased M2 activity, as assessed via 

MRI.48 This suggests that chronic alcohol exposure may induce long-lasting changes to the 

activity and function of M2, thereby altering its contribution to goal-directed action control. 

Here, we examined whether chronic alcohol induced long-lasting changes to the activity 

and function of M2 neurons with projections into the DMS. We used a model of chronic 

alcohol exposure and withdrawal in mice that increases withdrawal severity and ethanol 

consumption and disrupts goal-directed control.1,17,49–54 In protracted withdrawal, we then 
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examined persistent chronic alcohol effects on M2-DMS projection neuron activity and their 

contribution to action control during decision-making.

RESULTS

Prior CIE impairs the use of recent experience to guide decision-making

Equal numbers of male/female (M/F) C57BL/6J mice were exposed to 4 weeks of chronic 

intermittent ethanol (CIE) exposure and withdrawal or air vapor control (Air) (Figure 

1A)1,17,49–54 and then underwent instrumental training during protracted withdrawal to 

reduce the effects of acute withdrawal on behavioral measures.55 Of note, we employed 

an instrumental lever press task40,52,56–59 that allowed for analysis of continuous action 

control in which one can quantify the influence of prior sequential (n – x back) lever 

presses on the current lever press. Prior work has shown that lever press behavior in this 

task is goal directed40,52,58 and that prior CIE disrupts goal-directed control in this task, as 

indexed by reduced sensitivity to outcome devaluation procedures.52 Importantly, in contrast 

to contingency degradation and outcome devaluation procedures, use of this task allows us 

to examine action control independent of changes to the relationship between an action and 

its associated reward or to changes in the reward itself.60,61 In this task, mice learned to 

press and hold down a lever for at least a minimum duration in order to earn a food reward, 

with the duration requirement increasing from 800 to 1,600 ms across days (Figure 1A). 

There were no cues or trials, the behavior was self-paced, and reward was delivered only 

after mice released the lever (Figure 1B). Thus, mice were left to rely only on their prior 

experience to guide performance.

We first assessed acquisition behavior and found that Air and CIE mice similarly decreased 

the number of lever presses across days under both 800 and 1,600 ms duration training days 

(Figure 1C). Both groups also similarly decreased their rate of lever pressing, although on 

the very first day of duration training, CIE mice had increased response rates compared 

with Air mice (Figure 1D). Air and CIE mice earned similar numbers of rewards (Figure 

1E). Although the task was not qualitatively easy for mice, performance efficiency increased 

similarly in Air and CIE mice across training days under each duration, reflecting task 

acquisition (Figure 1F). Further, the median lever press duration increased across sessions 

(Figure 1G), as well as within sessions (Figure 1H). Indeed, mice began to increase the 

median duration of their presses on the very first day of training. While Air mice had overall 

higher median durations than CIE mice across the first day of 800 ms training, median 

durations were similar by the last training day (Figure 1H). Further, all mice showed a 

significant rightward shift in their distribution of press durations after the duration criteria 

increased, with Air and CIE mice showing similar duration distributions on the final days 

of 800 and 1,600 ms training (Figure 1I). Collectively, these data show that Air and CIE 

mice were able to learn and perform this task at relatively similar levels, although CIE 

mice showed small differences in initial rates and durations of lever pressing. However, 

Air and CIE mice could be using different behavioral strategies to reach similar levels of 

performance.17,18

One possibility is that Air and CIE mice could rely on prior action experience to varying 

degrees (e.g., exploration versus exploitation62). For instance, CIE may result in mice 
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making sequential lever press durations that are more, or less, related to prior durations. To 

address this question, we built linear mixed effect (LME) models to predict the duration 

of each lever press (n) given the durations of prior lever presses (n – 1 through n – 10) 

(Figure 2A). The β coefficients of the individual n-back press covariates in our models 

reflect the degree to which mice used prior lever press durations to inform their subsequent 

pressing (higher values reflect stronger use of prior duration information). We found that Air 

mice relied on the durations of recently executed lever presses to inform their current press 

duration, with this contribution of prior action durations rapidly decaying across n-back 

presses (Figure 2B). The use of prior action information was not an artifact of random 

lever pressing; comparisons with order shuffled data (for each shuffled n-back comparison, 

we shuffled just the order of a particular lagged lever press [e.g., only n – 3] within a 

given mouse within a given day, thus controlling for the overall statistics of the press 

durations while shuffling only their serial order) showed that mice clearly used prior action 

information to guide pressing and did not randomly execute lever press durations (see STAR 

Methods for a detailed model explanation). CIE exposure attenuated this reliance on recent 

action information; relative to Air mice, the current lever press duration in CIE-exposed 

mice was less related to the duration of the immediately prior lever press (Figure 2B; see 

also Table S1). This was also true in an alternative LME model built with both groups 

together in the same model and Air/CIE indicator variables (n – 1 coefficient for the CIE 

group relative to Air = −0.056, F1,50083 = 44.7, p = 2.29e–11). Furthermore, LME models 

built using individual session data showed that only in Air mice was the magnitude of 

the n – 1 β coefficient positively correlated with rewarded performance (Figure 2C). That 

is, the more that Air mice used duration information from their recent lever press, the 

better they performed at the task. This relationship was not present in CIE mice (Figure 

2D). Collectively, these results suggest that prior CIE impaired the ability of mice to use 

recent action contingency information to guide subsequent lever press durations for efficient 

performance, a hallmark of goal-directed action control.

Prior CIE induces hyperactive in vivo calcium activity of M2-DMS projection neurons and 
uncouples activity and behavior

To address if CIE affects M2-DMS activity, modulation, and function during behavior, 

we used a dual-virus cre-dependent strategy to express the fluorescent calcium indicator 

GCaMP6s only in M2-DMS projection neurons and implanted optical ferrules centered on 

M2 prior to CIE exposure (Figures 3A and S1A). We then recorded bulk population calcium 

activity of M2-DMS projection neurons in Air and CIE mice using in vivo fiber photometry 

during task performance. Peak analysis of the session-long calcium signal63 showed that 

prior CIE led to a significant increase in overall calcium transients across sessions (Figures 

3B and 3C). However, prior CIE did not disrupt the overall intrinsic excitability of M2-DMS 

projection neurons (Figure S2), suggesting that increased in vivo activity may arise from 

changes in transmission within M2.

Prior CIE may also lead to alterations in the recruitment and/or modulation of calcium 

activity during task performance. We aligned calcium activity to the onset, time-warped 

hold duration, and offset of lever pressing. We z scored and averaged the calcium activity 

across all trials for all mice relative to a baseline period (−15 to −5 s prior to press onset). 
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Permutation testing64 showed that CIE led to increased calcium activity throughout the 

entire press-aligned window (Figure 3D). We replicated these results using mouse average 

calcium activity with two-way ANOVA-based comparisons (Figure 3E). As the baseline 

period may sometimes include previous lever presses, we also calculated calcium activity 

as delta fluorescence/fluorescence (DF/F) using a session-long mean, which yielded largely 

similar results, with only a few time points before press onset no longer significantly 

different between Air/CIE groups (e.g., from −5 to −4 s before a press; Figure S1B).

The increased calcium activity in both Air and CIE mice just after press offset (Figures 

3D and 3E, right) may reflect altered reward-related processing, as it often encompasses 

the period of reward retrieval and consumption. Therefore, we segmented all lever presses 

based on whether they met (rewarded) or failed to meet (unrewarded) the duration criteria. 

In both Air and CIE mice, the increased calcium activity after press offset was selective for 

Met presses (Figure 3F, right). There were also Met/Fail differences in calcium activity both 

before press onset as well as during action execution itself (Figure 3F). M2-DMS activity 

is differentially modulated by press durations before, during, and after those lever presses 

occur, suggesting that M2-DMS activity may predict and relate to press durations, as has 

been previously reported.40 Thus, activity associated with performance of the same action 

(i.e., onset of lever pressing and lever pressing itself) is differentially modulated depending 

on whether that lever press will eventually produce a reward. Further, the average difference 

between met/fail lever presses was larger in CIE mice than Air mice at all three time points 

(Figure 3G). This raises the hypothesis that CIE alters the relationship between endogenous 

M2-DMS activity and press duration. To directly investigate this, we trained a linear support 

vector machine (SVM) decoder to predict lever press duration using calcium activity data 

with 10 k-fold cross-validations. We found significant decoding accuracy (chance at 25%) 

of lever press duration from M2-DMS activity, with decoding accuracy significantly reduced 

in CIE mice relative to Air mice (Figure 3H). Additionally, we built LME models that 

predicted calcium activity before, during, or after a lever press using current and prior lever 

press durations (as well as prior activity covariates to control for autocorrelation in the 

calcium signal; Tables S2–S4). Overall, we saw that both current and prior press durations 

influenced M2-DMS calcium activity at all three event epochs: before, during, and after 

lever presses. Importantly, we also observed an Air/CIE difference after lever press offset, 

where a given n – 1 duration led to greater calcium activity in CIE mice relative to Air 

controls (Table S4). Collectively, these results suggest that CIE induced hyperactivity of 

M2-DMS projections neurons, which eroded the endogenous relationship between M2-DMS 

activity and behavioral output.

Chemogenetic inhibition of hyperactive M2-DMS rescues use of recent experience

CIE increased M2-DMS in vivo activity and reduced use of recent action experience, 

but it was unclear whether CIE-induced M2-DMS activity changes causally led to the 

observed deficit in action control. To examine this, we applied a chemogenetic approach 

to reduce M2-DMS activity in Air and CIE mice. We used a dual-viral vector strategy to 

target expression of the cre-dependent inhibitory chemogenetic receptor hM4Di (H4) or the 

cre-dependent fluorophore tdTomato as a control (Ctl) to M2-DMS projection neurons in 

both Air and CIE-exposed mice (Figures 4A and S3A), giving four groups of comparison 
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(Air Ctl, Air H4, CIE Ctl, and CIE H4). Of note, this approach targets M2 neurons with 

projections to the DMS, as well as additional downstream collaterals. All mice received the 

H4-agonist clozapine-N-oxide (CNO) 30 min prior to every lever hold-down session (90 min 

session) (Figure 4B). We verified that CNO application reduced the excitability of M2-DMS 

neurons only in H4-expressing mice via ex vivo slice electrophysiology (Figure S3B).

As in our other manipulations, there were few differences between groups in coarse 

measurements of behavior including total lever presses (Figure 4C), percentage of presses 

that met criteria at 800 ms duration criteria (Figure 4D), and lever press durations on 

the final training day (Figure 4E). However, there was an Air/CIE group difference in 

percentage of presses that met criteria during 1,600 ms training, but no Ctl/H4 difference, 

nor a significant interaction between these factors. Furthermore, there were no group 

differences in the rate of lever pressing, nor in the number or rate of met criteria lever 

presses (Figures S3C–S3E). Thus, neither CIE nor M2-DMS inhibition led to large, 

sustained changes in coarse behavior, but again, mice could reach largely similar levels 

of performance using different behavioral strategies.

We once more built LME models to determine if mice were using the duration from their 

prior lever press to inform their current press duration (Figures 4F and S3F; Table S5). We 

found a significant interaction between vapor exposure and H4/Ctl groups on the magnitude 

of the n – 1 β coefficient (no main effects). Post hoc comparisons showed a replication of 

our initial finding (Figure 2B), with CIE Ctl mice having a significantly smaller magnitude 

n – 1 β coefficient relative to Air Ctl mice. Further, H4 expression in Air mice led to a 

significantly reduced magnitude n – 1 β coefficient relative to that observed in Air Ctl mice, 

replicating prior findings that M2-DMS activity contributes to the use of prior lever press 

duration information.40 In contrast, comparing CIE H4 mice with CIE Ctl mice (i.e., the 

treatment group), we found an increase in the magnitude of the n – 1 β coefficient in CIE H4 

mice. Indeed, the n – 1 β coefficient magnitude in CIE H4 mice did not differ from that of 

Air Ctl animals. This result was replicated in an alternative LME model built with all groups 

together in the same model and group indicator variables (three-way interaction among n – 

1 duration × Air/CIE group × Ctl/H4 group F1,80577 = 71.8, p = 2.4e–17). Thus, by reducing 

M2-DMS projection neuron activity in CIE mice, we restored the use of recently executed 

lever press durations to guide current action control.

DISCUSSION

Premotor corticostriatal regions in humans and rodents are thought to support goal-directed 

and experience-based action control,28,34,40 and their disruption is linked to compulsive 

disorders.30–32,46 While there have been reports of alterations to premotor circuits in 

AUD,2,3,6,25 there has been a dearth of insights into the neural mechanisms and the 

behavioral consequences of such disruption. Here, we show that prior chronic alcohol 

exposure alters action control by reducing the use of recent action contingency information 

to guide decision-making. This was due to an alcohol-induced increase in the activity of 

M2 neurons with projections into the striatum, as reducing activity restored use of recent 

experience. Our findings reveal a novel circuit through which chronic alcohol can alter 
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goal-directed action control and support the targeting of pre-SMA/SMA to treat altered 

executive function in AUD.65

Substantial evidence suggests that AUD can alter decision-making, including goal-directed 

control over actions.2–6,10,66–69 However, a host of different computational mechanisms 

support goal-directed decision-making.5,61 By using a continuous task, we were able 

to show that one specific aspect—the use of recent action contingency information to 

guide behavior—was disrupted by chronic alcohol exposure and controlled by M2-DMS 

projection neurons. Our results have important implications for AUD: we saw a disruption 

in recent action information for a non-drug reward in protracted withdrawal and altered M2 

circuit engagement during action control. This suggests long-lasting neuroadaptations in M2 

circuits arising in response to chronic alcohol exposure and withdrawal, as evidenced in 

part by observed increases in calcium activity. These long-lasting changes may contribute 

to alterations in executive function observed in AUD, including impulsivity and impaired 

response inhibition,2,3,6 as both require the use of recent experience with one’s actions to 

adjust or stop behavior. Given this, investigations into specific mechanisms of disrupted 

transmission onto M2-DM2 neurons as well as M2 generally are clearly warranted.

In the present findings, impaired sensitivity to recent action information was causally 

tied to M2-DMS activity, replicating prior findings.40 Importantly, our main finding of 

reduced reliance on recent action information following CIE exposure was replicated across 

experiments. This supports and extends previous correlative evidence in humans showing 

that AUD is associated with disruption to both premotor regions and reduced flexibility.2,3,6 

We report increases in M2-DMS activity following CIE, while prior studies of premotor 

and prefrontal cortex function in humans with AUD variously report increases and decreases 

in activity.2,3,6,25 This highlights the need to examine activity in a nuanced manner in 

relation to the computations being performed as well as the populations performing such 

computations in order to understand the functional consequences. This is likely to be 

especially important for precise targeting of novel region-specific treatments.

To our knowledge, this is the first study investigating the function of M2 neurons with 

projections to the dorsal striatum in the context of chronic alcohol. M2 is a dominant 

source of inputs into the medial striatum, where terminal fields converge with a wide array 

of cortical inputs.42,43 Hypotheses related to habitual control in AUD12,70 have suggested 

that increased motor and sensory input into the dorsal striatum may contribute to habit-

related phenotypes. The present findings provide some support for this: chronic alcohol 

induced hyperactivity of M2-DMS calcium activity in vivo during task performance and 

altered action control processes. However, we also found weaker decoding of current press 

durations from this increased activity, and chemogenetically inhibiting this increased activity 

restored the usual activity-duration relationship. One of the most intriguing findings of 

the present study was that both increases (from prior CIE exposure) and decreases (from 

chemogenetic inhibition) in M2-DMS activity led to similar behavioral alterations. While 

the present work did not examine whether in vivo hyperactivity translated into increased 

M2-DMS transmission, this does suggest that the potential increased activity from M2-DMS 

following CIE may not directly support the observed phenotype, since reduced drive also 

leads to a similar phenotype. Rather, it may depend upon which inputs are recruited and 
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the pattern of activity produced. This adds to a growing body of literature suggesting that 

the patterning of neural activity is decisive and that there is not a simple linear relationship 

between brain activity and behavioral output.71

How might prior chronic alcohol produce hyperactive M2-DMS? We did not find CIE-

induced alterations in the intrinsic properties of M2 projection neurons (Figure S2), 

suggesting that changes in circuit transmission are likely responsible for the increased 

calcium activity observed. One interesting candidate is the orbitofrontal cortex, as it is 

affected by alcohol72,73 and its projection to M2 is implicated in decision-making and 

exploiting known rules.41,74 A further question is whether there are synapse-specific 

alterations of M2 projections onto dorsal striatum neurons.17,18,75 However, we did not 

examine terminal activity, and thus whether chronic alcohol alters M2 recruitment of dorsal 

striatal circuitry for behavioral control remains to be investigated.

Limitations of the study

It is important to note that while we used a dual-viral approach to target M2 neurons 

with projections into the DMS, we are unable to exclude potential downstream changes 

in dorsal lateral regions of the striatum, as M2-DMS neurons have collaterals extending 

into the DLS as well as other downstream areas. In addition, while response levels on 

the first day of task acquisition in the chemogenetic experiments differed from the levels 

observed in our behavioral experiments (perhaps as a consequence of potential stress from 

pre-injections of CNO), response levels quickly became similar across groups with similar 

n – 1 β coefficients across experiments. Lastly, while we did not observe a change in 

excitability of M2-DMS projection neurons (Figure S2), this does not rule out potential 

compensatory adjustments to excitability following chronic alcohol exposure. Additional 

experiments examining transmission onto M2-DMS are warranted.

Conclusion

The human homologs of M2—pre-SMA/SMA—are dorsally located and accessible to 

region-specific treatments such as rTMS. Indeed, such treatments have shown promise 

in reducing compulsivity and improving cognitive control in obsessive compulsive 

disorder.30–32 These prior works demonstrate a pre-clinical to clinical translation for 

premotor circuits involved in psychiatric disease and suggest that pre-SMA/SMA may be 

fruitful therapeutic targets for the treatment of AUD in human patients.65 Here, we provide 

pre-clinical evidence supporting this potential treatment avenue, as well as mechanistic 

insight into the involved behavioral and neural controllers of goal-directed action control 

that are altered by AUD.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Christina M Gremel 

(cgremel@ucsd.edu).
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Materials availability—This study did not generate any new reagents.

Data and code availability

• The data reported in this paper will be shared by the lead contact upon request.

• The code used to analyze the data from this study is available 

at: https://github.com/gremellab/Hold-Down-Behavior-GCAMP-Opto-analysis 

(https://doi.org/10.5281/Zenodo.7972046)

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Male and female (M/F) C57BL/6J mice (>7 weeks/50 PND) (The Jackson Laboratory, Bar 

Harbor, ME) were used for all experiments. Experiments were not sufficiently powered to 

detect sex differences, and data were collapsed across sex. All procedures were conducted 

during the light period and mice had free access to water. Mice were housed 2–4 per 

cage on a 14:10 light:dark cycle. Mice were food restricted to 85–90% of their baseline 

weight 2 days prior to starting behavioral procedures, and fed daily 1–4 hours after training. 

Mice were counterbalanced for sex, cage (i.e., littermates), and vapor cohort (see below) 

for allocation to experimental groups. All experiments were approved by the University of 

California San Diego Institutional Animal Care and Use Committee and were carried out in 

accordance with the National Institutes of Health (NIH) ‘Principles of Laboratory Care’.

METHOD DETAILS

Surgical procedures—Viral vectors were obtained from the UNC Viral Vector Core 

(Chapel Hill, NC) or Addgene (Watertown, MA). Mice were anesthetized with isoflurane 

(1–2%) and intracranial injections (100 nl/min) were targeted at a relative posterior portion 

of M2 (from Bregma: AP +1.0mm, L ±0.5mm and V −1.2mm, −1.4mm from the skull), and 

DMS (from Bregma: AP +1.0mm, L ±1.65mm and V −3.0mm, −3.2mm from the skull). 

Mice were given at least one week of recovery prior to the start of CIE procedures. After 

behavioral testing was completed, mice were euthanized and brains were extracted and fixed 

in 4% paraformaldehyde. Virus localization and spread was assessed in 100 um thick brain 

slices via fluorescent microscopy (Olympus MVX10, Shinjuku, Japan).

For M2-DMS calcium imaging, n = 8 Air and n = 8 CIE mice (4 M/F per group) 

were unilaterally injected with a virus expressing a cre-dependent GCaMP6s in M2 

(pAAV.CAG.FLEX.GCaMP6s.WPRE.SV40 (Addgene: 100842): 2 injection depths, 200nl 

each), and a retrograde-capable virus77 expressing cre recombinase (AAV5/Ef1a-Cre-

WPRE) in DMS (2 injection depths: 250nl each). Animals were then implanted with an 

optical ferrule centered on M2. Inclusion required viral expression within M2 and ferrule 

placement within M2. Two Air mice were excluded due to poor viral expression (to give 

final n = 6 Air).

For chemogenetic inhibition of M2-DMS, control animals (n = 6 Air (4/2 M/F), n = 6 CIE 

(3/3 M/F) were injected with a virus expressing cre-dependent tdTomato in M2 (rAAV5/
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Flex-tdTomato), while experimental animals (n = 9 Air, n = 8 CIE) were injected with 

a virus expressing a cre-dependent inhibitory chemogenetic receptor hM4Di (H4) in M2 

(pAAV5-hSyn-DIO-hM4D(Gi)-mCherry) (150 nl each injection depth). Both groups were 

injected with a retrograde-capable virus77 expressing cre recombinase in DMS (rAAV5/

hSyn-GFP-Cre) (200 nl each injection depth). Inclusion in data analyses required expression 

of virus centered within M2, with minimal spread into surrounding areas. One Air H4 

mouse, and one CIE H4 mouse were excluded due to off-target viral expression (final n = 8 

Air H4 (4/4 M/F) and n = 7 CIE H4 (4/3 M/F)).

For whole cell physiology of M2-DMS projection neurons, mice were injected with a 

retrograde-capable virus77 rAAV5/hSyn-GFP into DMS (200 nl).

Chronic intermittent ethanol procedures—Mice (>8 weeks of age) were exposed to 

chronic intermittent ethanol vapor (CIE) or Air.17,49–53 As previously described,17,18,52 mice 

were exposed to Air/CIE vapor for 16 hrs/day, for four consecutive days, and this procedure 

was repeated for 4 weeks. Ethanol was volatilized by bubbling air through a flask containing 

95% ethanol at a rate of 2/3 L/min, delivered to the mice housed in Plexiglas containers 

(Plas Labs Inc.). No loading dose of ethanol or pyrazole pretreatment was administered to 

reduce confounding effects of 1) stress on behavior78 and 2) pyrazole on neural activity.50,79 

Blood alcohol concentration was collected from sentinel animals, with a mean ± SEM of 

27.9 ± 2.0mM, 128.54 ± 9.21 mg/dl. The number of cohorts of Vapor mice for the following 

experiments are; behavior only: 1 vapor cohort, for Photometry: 3 counterbalanced vapor 

cohorts, for slice physiology: 2 cohorts, and for M2-DMS DREADD inhibition: 1 vapor 

cohort.

Behavioral procedures—To examine CIE-effects that persist into protracted 

withdrawal,55 five days post the final vapor exposure, mice began daily operant training in 

sound-attenuating boxes (Med-Associates, St Albans, VT) in which they pressed a lever (left 

or right of the food magazine, counterbalanced) for an outcome of regular ‘chow’ pellets (20 

mg pellet per reinforcer, Bio-Serv formula F0071). Each training session commenced with 

an illumination of the house light and lever extension and ended after either 60 reinforcers 

were earned or 90 minutes had elapsed, with the lever retracting and the house light turning 

off.

On the first day, mice were trained to approach the food magazine to retrieve the pellet 

outcome (no lever present) on a random time (RT 120s) schedule, for a total of 60 minutes. 

Next, mice were trained on a continuous ratio schedule of reinforcement (CRF) across 3 

days, where every lever press was reinforced, and the total possible number of reinforcers 

increased (CRF10, 30, and 60) across days.

Following CRF pretraining, the lever-press duration contingency was introduced, in which 

mice had to press and hold down the lever for at least a minimum duration in order to 

earn food reward (delivered immediately after press release). Importantly, there were no 

cues, no timeout period, nor any discrete trials; the lever was always available to mice, until 

the session was complete. Mice were trained at the >800ms criterion for 6 days, followed 

by at least 6 days of training at the >1,600ms criterion. Timestamps for lever press onset 
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and offset, headentry into the food magazine onset and offset, and reward delivery were 

recorded. From these timestamps, we calculated durations of lever presses and headentries 

(20ms resolution).

Fiber photometry—Animals received one additional day of CRF pretraining when they 

were first connected to 400 um optical fiber tethers with ferrule-to-ferrule connectivity. 

GCaMP6s was excited using a 470nm LED at < 70 mW/mm2 (Thorlabs, Newton, NJ), 

with an isosbestic control for motion artifact at 405 nm LED. GCaMP6s fluorescence 

emission was collected using a bifurcated fiber (Thorlabs, Newton, NJ) that allowed for 

simultaneous, independent recordings from two mice. The dual fiber core was imaged using 

a 4X objective (Olympus) focused onto a CMOS camera (FLIR Systems, Wilsonville, OR). 

Bonsai software80 was used to select the fiber cores and acquire fluorescence intensity 

signals at each wavelength at 20 Hz. Bonsai simultaneously collected analog timestamps 

for lever presses, headentries, reward delivery via TTL pulses sent from MED-PC and 

collected using Arduino Duo microprocessors (Arduino, Somerville, MA) with custom 

code. Photometry and behavioral data were imported into Matlab (Mathworks Inc., Natick, 

MA) for analysis using custom scripts (\ls://github.com/gremellab/Hold-Down-Behavior-

GCAMP-Opto-analysis. https://doi.org/10.5281/zenodo.7972046

We fit the fluorescence intensity signal to a double exponential to account for 

photobleaching across a session. As 405 nm can also excite GCaMP, thus it is possible 

to create a negative trace when subtracting isosbestic signal from 470 nm signal. The 

present data is analyzed without 405 nm subtraction (subtraction of 405 nm did not 

change our results). Of note, our data itself argues against motion artifacts, as calcium 

was differentially modulated during similar actions by future success of that particular 

lever press. To check for bad coupling of the fiber to the ferrule or low expression, each 

session we calculated the 97.5 percentile of DF/F and ensured that there was at least a 

1% change within a 15 sec moving window; sessions failing to meet this criterion were 

excluded from analyses.81 We also excluded sessions with visual anomalies in the session 

long traces (e.g., a sudden, sustained jump in activity that could indicate fiber decoupling). 

For calcium transient analyses (Figures 3B and 3C), we used Matlab’s findpeaks function, 

with the ‘MinPeakHeight’ argument set to 4*median absolute deviation plus the mean of the 

session-long calcium signal.63 We used the mean and standard deviation during a baseline 

period –15s to −5s preceding the lever press to z-score press-related activity (i.e., from −5s 

prior to onset up to 5s post offset). The session long mean was used to calculate %dF/F as: 

((F - Fmean)/Fmean) × 100%. We bootstrapped 99% confidence intervals using the boot_CI 

function.64 For examining activity during lever pressing, we used Makima interpolation with 

Matlab’s interp1 function. To compare activity in Air and CIE mice, we either collapsed 

all 1600ms lever press-related activity together (thus preserving the individual variance in 

activity within each mouse, Figure 3D), or calculated an average trace per mouse (thus 

removing individual variance in activity, but ensuring that our results were not due to 

unequal numbers of lever press-aligned data from individual animals skewing the data, 

Figure 3E). For the non-averaged data, we performed running permutation tests that required 

at least 4 adjacent samples to significantly differ from one another.64 For the mouse-average 
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data, we performed 2-way RM ANOVA. Calcium activity data was smoothed using a 10 

sample (or 5 sample for interpolated activity) long Gaussian filter for display purposes only.

Chemogenetic inhibition—Animals underwent behavioral training as above. To target 

behavioral measurements to a time period overlapping with circuit attenuation82 that also 

avoids indirect effects of agonist treatment,83 all mice were given intraperitoneal injections 

of the hM4Di selective agonist Clozapine-N-Oxide (CNO, 1.0 mg/kg, 10 ml/kg, Sigma 

Aldrich) 30 minutes prior to each hold down training session.

Slice electrophysiology—Between 5 and 21 days post last vapor exposure, mice were 

deeply anesthetized with isoflurane and decapitated, after which brains were extracted 

and placed into a continuously bubbled (95% O2/5% CO2) ice-cold (4°C) NMDG cutting 

solution (in mM: NMDG 93; KCL 2.5; NaH2PO4 1.2; NaHCO3 30; HEPES 20; Glucose 

25; Na-Pyruvate 3; MgCl2 10; CaCl2 0.5; made using pH-neutralized 1M NMDG stock) 

and sliced coronally (250 mm width) using a PELCO easiSlicer vibrating microtome (Ted 

Pella, Inc, Redding, CA). Slices were then incubated in warm (35°C) NMDG solution for 

5 minutes, after which they were transferred to a HEPES-modified recovery solution (in 

mM: NaCl 112; KCl 3; NaH2PO4 1.2; NaHCO3 35; HEPES 20; Glucose 11; Ascorbate 0.4; 

MgCl2 1; CaCl2 2.5) at room temperature (23°C) for at least 45 minutes before recording. 

Whole-cell current clamp recordings were performed in M2-DMS projection neurons. M2-

DMS projection cells were identified by the fluorescent label, using an Olympus BX51WI 

microscope mounted on a vibration isolation table and a high-power LED (Thorlabs, 

LED4D067). Recordings were made in ACSF containing (in mM): 126 NaCl, 26 NaHCO3, 

1.2 NaH2PO4, 3 KCl, 1.5 MgCl2, 2.4 CaCl2, and 11 D-Glucose, continuously bubbled 

with 95% O2/5% CO2. ACSF was continuously perfused at a rate of 2.5 mL/min and 

maintained at a temperature of 32°C. Recording electrodes were made with borosilicate 

glass capillaries (Sutter Instruments, Novato California) using a PC-10 puller (Narishige 

International, Amityville, NY) to yield resistances between 3–6 MU. Electrodes were filled 

with an internal solution (in mM: 128 K-Gluconate; 7 KCl; 3 NaCl; 0.2 EGTA; 10 HEPES; 

4 Mg-ATP; 0.3 Na2-GTP; 290 mOsm; pH 7.2). Recordings were made using a MultiClamp 

700B amplifier (Molecular Devices, Union City, CA), filtered at 2 kHz, digitized at 10 kHz 

with an Instrutech ITC-18 (HEKA Instruments, Bellmore, NY). Acquisition and stimulation 

was performed using WinWCP (University of Strathclyde, Glasgow, UK). For current clamp 

experiments, resting membrane potential (RMP) was acquired within the first 3 minutes of 

break-in. Input resistance (Rin) was calculated by generating an I/V curve using fixed current 

injections steps (−200 to 50pA in 50pA increments) and measuring the steady state voltage. 

I/F curves were generated with a series of fixed current injections (50 pA increments from 

0 to 600 pA) to elicit action potential firing. Rheobase was defined as the least amount of 

current to drive a cell to fire and was measured by stimulating at 3pA increments. For CNO 

validation, a single step pulse of 300pA was used to measure cell excitability. For CNO 

verification, we used a concentration of 10mM CNO in recording ACSF as described above, 

and one cell (identified by fluorescence) per slice was recorded prior to and post CNO 

wash on. Cells were excluded from analysis if series resistance (R-s) changed by >20% or if 

RMP was below −50mV. Analysis of electrophysiology data was performed using WinWCP 

(University of Strathclyde, Glasgow, UK) and Easy Electrophysiology.
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Data analysis

Linear mixed effect models: We built Linear Mixed Effects models (LME) to model 

the relationship between the duration of lever press n (i.e., the current press) and n-back 

(n – 1 through n – 10) lever press durations. We included random intercept terms for 

mouse and day of training to account for the repeated structure of our data. To account 

for variance explained by the overall performance within a session, fixed terms included 

the overall percentage of rewarded lever presses as well as the timestamps of when 

each lever press occurred within a session. To determine if predictive relationships were 

contingent upon their sequential order, beta coefficient outputs pertaining to lever press 

duration were compared to beta coefficients obtained from 1,000 order shuffled distributions 

using permutation testing. Importantly, shuffling occurred within individual sessions/mice to 

preserve overall performance statistics (e.g. total lever presses and their durations made by 

that mouse in that session), and the order shuffling for each (n - x back) lever press occurred 

independently from each other (e.g., for comparison between actual and order shuffled n – 

3, only n – 3 back was shuffled, leaving the surrounding n-x back in the same sequential 

order).

n = β0 + βn−1n−1 + βn−2n−2 + … + βn−10n−10 + βt t + β% % + 1 M + 1 D + εi

Where n is the current lever press duration, n−1 through n−10 are the previous 1 through 10
lever press durations and βx is the linear regression coefficient for term × (β0 is the intercept 

term). Additional terms include covariates of time in session (t) ,the percentage of presses 

that met criteria (%), and the random intercept terms for both mouse (M) and day (D). For 

our initial analyses, we built separate LMEs for each group (e.g., an LME for Air mice 

and one for CIE mice in Figure 2D). As a control, we alternatively built LMEs with data 

from all groups collapsed together, with indicator variables specifying which group the data 

came from. This allowed us to add interaction terms between, e.g., n−1× Group to see if the 

magnitude of the n−1 coefficient differed based on group status (Air/CIE and/or Ctl/H4).

We also sought to determine if CIE altered the relationship between prior behavior and 

current calcium activity. Therefore, we built LMEs to predict calcium activity before press 

onset (−1s to 0s), during the press, and after press offset (0s to +1s), using data from all 

1,600ms training days. We used the area under the curve of the calcium activity, and tried to 

predict this activity using both current and prior durations, as well as prior activity to control 

for autocorrelation in the calcium signal.

A = β0 + βnn0 + βn−1n−1 + … + βn−6n−6 + βA‐1A−1 + … + βA−6A−6 + 1 M + 1 D + εi

Where A is current calcium activity and βx is the regression coefficient for term x. Of note, 

these models included n duration (n0) as a predictor (whereas this was what we predicted 

in the pure behavioral models). We predicted A given both current (n0) and prior (n−1, up 

to n−6) press durations, included prior Ca2+ activity (A−1, up to A−6) as a covariate, and 

included random intercepts of mouse (M) and training day (D).
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Decoding—We used a support vector machine (SVM) classifier trained on individual 

mouse/sessions to predict press durations using M2-DMS calcium activity data. We created 

four equal sample duration bins within each individual mouse/session - thus, chance 

performance was 25%. Next, we used several calcium activity measurements as predictors 

including the area under the curve, and the slope of the calcium signal from: −1s to 0s prior 

to press onset, during the press, 0s to +1s after press release, and from +2s to +5s after press 

release. We then trained the SVM classifier using Matlab’s fitcoec function, using additional 

arguments to standardize the calcium activity data and to specify a linear kernel function. 

We performed 10 k-fold cross validations on the model, subtracted the classification loss 

from 1, and multiplied by 100 to get the classification accuracy %.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were two-tailed with α = 0.05 as a threshold for significance. Statistical results 

can be found in legends and in the results section. Qualitative histological exclusion of 

animals due to viral expression or fiber placement was blind, but subsequent quantitative 

data analysis was not blinded. For analyzing coarse behavioral measurements (e.g., Total 

Lever Presses) Repeated Measures (RM) ANOVAs were used (with Greenhouse-Geisser 

corrections if preliminary analyses indicated different sample standard deviations), with 

Bonferroni corrections for post-hoc multiple comparisons. We used Mann-Whitney tests 

when preliminary tests indicated non-normal distributions. In our LME models, we used 

permutation tests comparing actual β coefficient values to a distribution of 1000 order 

shuffled versions of the same variable, and thus the resolution of our permutation p-values 

was p < 0.001. We excluded anomalous presses (>16s in duration) from all datasets. For 

group comparisons (e.g., Air vs. CIE) of LME model coefficients, we used 2-way or 

3-way ANOVA, with follow-up post hoc corrected comparisons for individual n-backs, and 

additionally built LME models using all groups with treatment as an indicator variable. 

Behavioral data was analyzed using Excel (Microsoft), Matlab (Mathworks), R (R Core 

Team) and the rmcorr package,76 JASP, and Prism (Graphpad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Chronic alcohol disrupts action control

• Chronic alcohol induces hyperactive M2-DMS during action control

• Chemogenetic suppression of M2-DMS hyperactivity rescues action control
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Figure 1. Both Air and CIE mice learn a self-generated, self-paced lever hold-down task
(A) CIE (chronic intermittent ethanol) vapor exposure timeline.

(B) Hold-down task schematic: mice had to press and hold down the lever for at least 

a minimum duration to earn food reward, without trials or cues, with reward delivered 

immediately after press release.

(C) Mean number of total lever presses across days for all mice (n = 8 Air, n = 8 CIE). 800 

ms indicates days with a duration criterion of >800 ms, while 1,600 ms indicates days with a 

criterion of >1,600 ms. There was a main effect of day of training during both 800 (two-way 

repeated measures [RM] ANOVA, (day × group): F5,70 = 6.94, p < 0.0010) and 1,600 ms 

criterion training (F5,70 = 9.45, p < 0.0001) but no group differences, nor an interaction.

(D) There was a main effect of day on rate of lever pressing for 800 ms training (F5,70 = 

21, p < 0.0001), and a day × treatment interaction (F5,70 = 3.07, p = 0.015). No individual 

days differed in post hoc testing. For 1,600 ms training, there was only a main effect of day 

during 1,600 ms training on the lever press rate (F5,70 = 4.03, p = 0.0028).

(E) Average number of met lever presses (i.e., rewarded presses) across days. Main effect 

only of day, only during 1,600 ms training (F5,70 = 5.92, p = 0.0001).

(F) The percentage of lever presses that met criteria across days. Main effects only of day 

during both the 800 (F5,70 = 8.12, p < 0.0001) and 1,600 ms trainings (F5,70 = 18.7, p < 

0.0001).
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(G) Median duration of lever presses across days. A two-way RM ANOVA (day × group) 

revealed a main effect only of day for 800 and 1,600 ms duration criteria (all F5,70 > 6.07, all 

p < 0.0001).

(H) Median duration within a single training session, grouped by cumulative number of 

rewards. A three-way RM ANOVA (reward bin × group × criterion) revealed a two-way 

group × criterion interaction (F11,153 = 12.48, p = 0.0005) and main effects of reward bin, 

group, and duration (all F > 3.075, all p < 0.0015). Post hoc analysis showed a main effect of 

group at 800 ms (F1,14 = 10.31, p < 0.01).

(I) The distribution of lever press durations on the final (i.e., the sixth) 800 and final 1,600 

ms training days. A three-way RM ANOVA (duration bin × group × criterion) revealed a 

main effect only of duration bin (F15,420 = 74.6, p < 0.001) and a duration bin × criterion 

(day) interaction (F15,420 = 9.17, p < 0.001). Data points represent mean ± SEM. *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 2. Prior CIE decreases the use of recent action information
(A) We created a linear mixed effect model predicting the duration of the current lever press 

(n) given the durations of prior lever presses (n-back). Bottom shows representative lever 

press behavior for an individual session for an Air and a CIE mouse.

(B) Beta (β) coefficients for the individual n-back presses for actual and order shuffled 

data. A two-way ANOVA conducted on the actual data (n-back × Air/CIE Group) revealed 

main effects of both n-back (F9,500960 = 18.6, p < 0.0001) and Group (F1,500960 = 26.4, p 

< 0.0001), and an interaction (F9,500960 = 8.56, p < 0.0001). Bonferroni-corrected post-hoc 

tests found a significant Group difference only for press n – 1 (t500960 = 8.76, p < 0.0001). 

Both Air and CIE groups significantly differed from order shuffled data (two-way ANOVA 

(n-back × Actual/Shuffle). Air: main effect only of Actual/Shuffle F1,263480 = 12.8, p = 

0.0003. CIE: main effect only of Actual/Shuffle F1,257460 = 5.09, p = 0.024.

(C) β coefficients for linear mixed effect models built using individual session data and 

correlated with the percentage of presses that met criteria in Air mice. Shades show 

individual subject data across days. An RM correlation revealed a significant relationship 

(RM r = 0.285, DF = 87, slope = 0.002, p = 0.0069).

(D) As in (C) except for CIE mice, where there was no significant relationship between β 
and percentage of presses met criteria (RM correlation, RM r = −0.038, DF = 87, slope = 

−0.0003, p = 0.72).

Data points represent mean ± SEM. n.s., not significant. **p < 0.01, ****p < 0.0001.
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Figure 3. Prior CIE induces hyperactive calcium activity of M2-DMS projection neurons and 
uncouples activity and behavior
(A) (Top) Schematic of dual-virus targeting of GCaMP6s and ferrule placement to M2-DMS 

projection neurons to n = 6 Air and n = 8 CIE-exposed mice, and (bottom) representative 

fluorescent image.

(B) Representative calcium activity traces showing calcium transient analysis. Calcium 

signals above the dashed line were subjected to peak analysis and are indicated with tick 

marks above.

(C) Average calcium events (in Hz) across a session in Air and CIE mice. There was a 

significantly increased rate of events in CIE mice (Mann-Whitney test, U = 449, Air n = 46, 

CIE n = 61, p < 0.0001).

(D) Calcium activity z scored to a baseline period (−15 to −5 s prior to press onset) aligned 

to the onset (left), time-warped hold duration (middle), and offset (right) of a lever press 
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(lever presses n = 11,200 Air, n = 14,792 CIE). Black bars indicate time points for which 

there is a significant Air/CIE difference (Sig.), determined via permutation tests.

(E) As in (D) except showing data from averages per mouse (Air n = 6, CIE n = 8). Two-way 

RM ANOVAs (Air/CIE group × time point) reveal at onset a main effect of time point 

(F100,1200 = 15.2, p < 0.0001) and an interaction (F100,1200 = 1.56, p = 0.0006), during lever 

pressing a main effect only of group (F19,228 = 1.41, p = 0.046), and at offset a main effect 

of time point (F60,720 = 4.07, p < 0.0001) and an interaction (F60,720 = 2.41, p < 0.0001).

(F) As in (D) except segmenting out lever presses based on whether they met the criterion 

(met) or failed to do so (fail) in trials from Air and CIE mice. Here, significance markers 

indicate permutation tests comparing met versus fail activity within Air (Air-met/fail Sig.) 

and within CIE (CIE-met/fail Sig.) mice.

(G) The mean difference (met – fail) in the met/fail traces from (F). Air and CIE mice 

differed from one another (i.e., CIE mice showed larger met/fail differences) at all three 

event windows (Mann-Whitney tests, onset: U = 447, Air/CIE n = 61, p < 0.0001; duration: 

U = 72, Air/CIE n = 20, p = 0.0003; offset: U = 1,303, Air/CIE n = 61, p = 0.0041).

(H) Decoding accuracy using calcium activity to predict press duration quartile. Data points 

are accuracy from individual sessions, and dotted line indicates chance performance (25%). 

Air and CIE mice significantly differed in decoding accuracy (unpaired t test, t105 = 3.19, p 

= 0.0019).

Bars in (C) and (H) show mean, (E) and (G) represent mean ± SEM, while data in (D) 

and (F) are mean ± 99% bootstrapped confidence intervals. Sig., significant difference. *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figures S1 and S2.
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Figure 4. Chemogenetic inhibition of hyperactive M2-DMS rescues use of action information
(A) Schematic of injections and ferrule placement for chemogenetic inhibition of M2-

projection neurons (left) and representative spread (right).

(B) Timeline of experiments. 1 week after surgery, mice underwent 4 rounds of vapor 

exposure. 4 days after the final vapor exposure, mice began pretraining, followed by criteria 

training of durations >800 ms for 6 days, then durations >1,600 ms for 6 days. All mice 

were given intraperitoneal (i.p.) injections of the H4-agonist clozapine-N-oxide (CNO; 1 

mg/kg) 30 min prior to the start of each criteria session.

(C) Mean total lever presses across days of training (Air Ctl n = 6, Air H4 n = 8, CIE Ctl 

n = 6, CIE H4 n = 7). Main effect only of day (three-way RM ANOVA, vapor group × 

DREADD group × day) during both 800 ms training (F5,115 = 73.4, p < 0.001) and 1,600 ms 

days (F5,115 = 22.8, p < 0.001).
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(D) Average percentage of presses that met criteria across days of training. Three-way RM 

ANOVA (vapor group × DREADD group × day) during 800 ms training showed a main 

effect only of day (F5,115 = 99.2, p < 0.001). During the 1,600 ms training, there was a main 

effect of day (F5,115 = 14.0, p < 0.001), as well as vapor group (F1,23 = 4.33, p = 0.049), but 

no main effect of DREADD group, nor interactions between factors.

(E) Distribution of lever press durations on the final day of 1,600 ms training, with a 

three-way RM ANOVA (vapor group × DREADD group × duration bin) showing a main 

effect only of duration bin (F15,345 = 43.2, p < 0.001). Dashed line indicates the 1,600 ms 

criterion.

(F) Magnitude of the n – 1 β coefficient from a linear mixed effect model using n-back 

durations to predict n press duration. A two-way ANOVA (vapor group × DREADD 

group) found no main effects but did find a significant interaction (F1,85311 = 31.2, 

p < 0.0001). Bonferroni-corrected post hoc testing revealed that there were significant 

differences between Air Ctl and CIE Ctl (t85311 = 3.85, p = 0.0007), Air Ctl and Air H4 

(t85311 = 3.77, p = 0.0010), CIE Ctl and CIE H4 (t85311 = 4.14, p = 0.0002), and Air H4 and 

CIE H4 (t85311 = 4.13, p = 0.0002). Ctl, control; H4, hM4Di.

Data are mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001. See also Figure S3.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

pAAV.CAG.FLEX.GCaMP6s.WPRE.SV40 Addgene 100842

AAV5/Ef1a-Cre-WPRE UNC Vector Core N/A

rAAV5/hSyn-GFP-Cre UNC Vector Core N/A

rAAV5/Flex-tdTomato UNC Vector Core N/A

pAAV5-hSyn-DIO-hM4D(Gi)-mCherry UNC Vector Core N/A

rAAV5/hSyn-GFP UNC Vector Core N/A

rAAV5/hSyn-eYFP UNC Vector Core N/A

Chemicals, peptides, and recombinant proteins

Clozapine-N-Oxide Sigma-Aldrich C0832

Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratory JAX: 000664

Software and algorithms

Custom Analysis Code This paper http://github.com/gremellab/Hold-Down-Behavior-GCAMP-
Opto-analysis
https://doi.org/10.5281/Zenodo.7972046

RMcorr Bakdash and Marusich76 https://doi.org/10.3389/fpsyg.2017.00456

GCaMP permutation testing Jean-Richard-dit-Bressel et al.64 https://doi.org/10.3389/fnmol.2020.00014
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