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Cocaine disrupts action flexibility
via glucocorticoid receptors

Michelle K. Sequeira,1,2,3 Kathryn M. Stachowicz,2,3 Esther H. Seo,2,3 Sophie T. Yount,2,3,4

and Shannon L. Gourley1,2,3,4,5,6,*

SUMMARY

Many addictive drugs increase stress hormone levels. They also alter the propensity of organisms to
prospectively select actions based on long-term consequences. We hypothesized that cocaine causes
inflexible action by increasing circulating stress hormone levels, activating the glucocorticoid receptor
(GR). We trained mice to generate two nose pokes for food and then required them to update ac-
tion-consequence associations when one response was no longer reinforced. Cocaine delivered in
adolescence or adulthood impaired the capacity of mice to update action strategies, and inhibiting
CORT synthesis rescued action flexibility. Next, we reduced Nr3c1, encoding GR, in the orbitofrontal
cortex (OFC), a region of the brain responsible for interlacing new information into established
routines. Nr3c1 silencing preserved action flexibility and dendritic spine abundance on excitatory neu-
rons, despite cocaine. Spines are often considered substrates for learning and memory, leading to the
discovery that cocaine degrades the representation of new action memories, obstructing action flexi-
bility.

INTRODUCTION

Stress is considered both a causal factor in, and consequence of, many neuropsychiatric illnesses including substance use disorders. In exper-

imental animals, social defeat stress increases cocaine self-administration,1 while cocaine elicits a stress response.2–5 Stress may play a role in

inducing and exacerbating many characteristics of cocaine use disorder, including modifications in decision-making strategies that perpet-

uate drug seeking. For instance, repeated cocaine,6–10 chronic stress,11,12 and exogenous corticosterone (CORT)13,14 degrade the capacity of

organisms to select actions based on their consequences, causing a deferral to habit-like behavior. For example, Dias-Ferreira et al. subjected

rats to repeated restraint stress, which caused them to be unable to make choices based on whether a response was likely to be reinforced or

based on the value of the likely outcome.11 Later investigation revealed that response biases are attributable, at least in part, to CORT

release.13 A history of stressor exposure even appears to contribute to cocaine-induced decision-making biases in humans,9 but the conse-

quences of drug-elicited stress hormone release are not well understood.

CORT is a primary stress hormone (cortisol in humans). It binds to high-affinity mineralocorticoid receptors (MR) at baseline and then addi-

tionally, low-affinity glucocorticoid receptors (GR) upon stress-induced adrenal CORT release. CORT readily crosses the blood brain barrier

and binds neuronal GRs,15,16 including in the orbitofrontal cortex (OFC). This brain region is important for integrating new learning into ex-

isting knowledge, enabling adaptive modification of behavioral action strategies when familiar expectancies change. Stressors, CORT, and

psychostimulants all commonly cause dendritic spine attrition on excitatory OFC neurons and also obstruct action flexibility.4,7,17–22 Mean-

while, mice that are resilient to cocaine-induced behavioral inflexibilities have enlarged spine heads on excitatory OFC neurons,8 and drugs

that improve flexible behavior cause spine head enlargement23 or spinogenesis.24 Spines are often considered substrates for learning and

memory, and these patterns recently led to the discovery that the OFC forms memory traces for new action memories, which are necessary

for later action flexibility.25

Here, we tested the hypothesis that repeated cocaine, as would occur in individuals suffering from substance misuse, causes action inflex-

ibilities by increasing circulating stress hormones and activating GRs. We find that cocaine-elicited CORT release and binding to GRs in the

OFC robustly contributes to response inflexibilities. Further, these inflexibilities can be attributed to the inability of the OFC to use action

memory traces to update action strategies, and not obviously impulsive- or anhedonic-like behavior.
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RESULTS

Cocaine induces CORT excess, which occludes action updating in mice

The over-arching hypothesis of this project was that cocaine-induced CORT contributes to cocaine-induced modifications in reward-seeking

behavior. We thus first confirmed that repeated cocaine increases circulating CORT relative to saline injection [t11 = 3.25, p = 0.008]

(Figures 1A and 1B), as previously reported.2–4

We next used a task in which mice must update actions when familiar expectancies are violated. We trained mice to nose poke for food

reinforcers and then reduced the likelihood that responding at 1 of 2 apertures would be reinforced, thus breaking the association between

nose poking at that aperture and food delivery (Figure 1C). Successfully updating this association is evidenced by preferential responding

during a subsequent choice test on the aperture at which the action-outcome association remained intact. In this experiment, mice were first

delivered exogenous CORT, increasing blood serum CORT to a degree similar to that following cocaine,26 followed by a washout period to

assess long-term consequences (Figure 1D). Groups did not differ during response training [no main effect of group F < 1, no interaction p =

0.53] (Figure 1E); however, mice with prior CORT exposure were unable to update choice behavior, responding equivalently at both apertures

even when one response was unlikely to be reinforced [aperture 3 group interaction F(1,19) = 4.28, p = 0.05] (Figure 1F). Response rates ap-

peared lower overall in the CORT-exposed mice [though the effect of group was non-significant: F(1,19) = 1.42, p = 0.25], consistent with ev-

idence that prolonged CORT induces chronic amotivation.13,26,27

The same data can be converted to difference scores, referring to responses on the ‘‘reinforced’’-‘‘non-reinforced’’ ports. Scores >0 indi-

cate preferential responding, as in the control group, whereas CORT-exposedmice had lower scores approximating 0 – no preference [t(19) =

2.06, p = 0.05] (Figure 1F). Difference scores are reported in the rest of the main text. Acquisition curves (i.e., response training), which never

differed between groups, and response rates in the choice tests are hereafter reported in the supplementary materials (Figure S1).

Next, we assessed the effects of cocaine in the same task, anticipating that any behavioral inflexibilities would be attributable to cocaine-

elicitedCORT. To test this possibility, we turned to theCORT synthesis inhibitor,Metyrapone (Met), administered prior to cocaine (Figure 1G).

Later testing revealed that cocaine obstructed action flexibility, as expected. Meanwhile, inhibiting CORT synthesis rescued flexible, prefer-

ential responding in cocaine-exposedmice [cocaine3Met interaction F(1,44) = 7.28, p= 0.01] (Figure 1H). Notably, we also observed the same

effect in mice given cocaine in adolescence and then tested in adulthood (Figure S2), suggesting that cocaine-inducedCORT release impacts

action flexibility across multiple ages and drug administration procedures.

This pattern of cocaine-induced response inflexibility has been framed as habit-like behavior. To substantiate this perspective, we as-

sessed whether the same cocaine exposure procedure impacted the ability of mice to update action strategies when outcome values

changed (Figure 1I). In this task, mice must integrate the sensory properties of rewards into goal representations to engage in flexible

goal seeking. A failure to do so is classically considered habitual behavior.28 Mice were trained to nose poke for food reinforcers, then given

ad libitum access to pellets, thus devaluing pellets by virtue of satiety (‘‘devalued’’ condition). As a control, mice were separately given free

access to vivarium chow, thus leaving pellet value intact (‘‘valued’’ condition). Control mice respond more in the valued condition, while

cocaine-exposed mice responded equivalently in both conditions [cocaine x value condition interaction F(1,14) = 4.85, p = 0.045] (Figure 1J),

despite intact motivation for food reinforcers, as assessed using a progressive ratio test (Figure S3).

Activation of GRs in the VLO drives cocaine-induced inflexibilities

The OFC is an expansive and functionally heterogeneous structure.29 We focused here on the ventrolateral OFC (VLO), which appears to be

sensitive to changes in reward availability and updating action strategies, compared to far lateral or posterior subregions.25,30 We hypothe-

sized that CORT binding to low-affinity GRs in the VLOmay be responsible for the disruption of action flexibility. We site-selectively silenced

Nr3c1, which encodes GR, resulting in near complete ablation of GR in transduced CaMKII+ neurons [t(6) = 19.14, p < 0.001] (Figure 2A). This

nevertheless accounted for only�20% loss of gross GR protein in VLO-containing tissue punches [t(8)= 2.02, p= 0.04] (Figure 2B), presumably

due to the ubiquity of GR on multiple cell types that were spared transduction (like glial cells).31 Next, we behaviorally tested mice with VLO-

selective GR reduction (Figure 2C). Mice were trained to respond for food, then had to update the association between nose poking and

pellet delivery when one response was no longer reinforced, as above. Cocaine-exposed mice exhibited non-preferential responding, as ex-

pected. Meanwhile, GR reduction rescued preferential responding in cocaine-exposed mice. Interestingly, GR reduction in naive mice had

the opposite effect, ablating response flexibility [cocaine x Nr3c1 condition interaction F(1,30) = 11.78, p = 0.002] (Figure 2D).

Cocaine does not induce impulsive- or anhedonic-like behavior

Response inflexibilities following cocaine could conceivably be attributable to multiple stress-related sequelae, including impulsive- or anhe-

donic-like behavior. To disentangle these possibilities, mice were next trained to nose poke at 1 aperture, resulting in the delivery of 5 pellets

(large reinforcer) or another aperture, resulting in 1 pellet (small reinforcer). All mice, regardless of group, preferentially responded at the

aperture associated with the large reinforcer [main effect of reinforcer magnitude F(1,30) = 67.97, p < 0.001, no interaction, all other Fs<1] (Fig-

ure 2E). Following this training, a delay between nose poking for the large reinforcer and pellet delivery was introduced, increasing across

sessions.We identified no effects of cocaine [aperture3 cocaine interaction F < 1; delay3 cocaine interaction F< 1], suggesting that cocaine

did not induce impulsive-like responding. Interestingly, GR reduction alone reduced responding for the small reinforcer across the delay

phase [aperture x delay xNr3c1 condition interaction F(7,24) = 5.03, p = 0.001] (Figure 2F). This outcome was unexpected, given that reducing

brain GR levels inmice by� half hinders their ability to inhibit responding during a waiting period32 so further investigationmay be warranted.
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Figure 1. Cocaine-induced action inflexibilities appear attributable to CORT release

(A) Timeline.

(B) Cocaine increased circulating CORT. n = 6–7 mice/group.

(C) Mice were trained to respond on 2 nose poke apertures for food. Then, pellets associated with 1 nose poke were delivered independently of nose poking

(‘‘non-reinforced’’ condition). Responding at the other port remained reinforced. Behavioral flexibility was assessed the following day in a brief choice test.

(D) Timeline.

(E) Mice were trained to nose poke, with no differences between groups here or in other experiments.

(F) Excess CORT blocked action flexibility, indicated by non-preferential responding at the choice test. The same data can be represented as difference scores

(number of responses at the ‘‘reinforced’’-‘‘non-reinforced’’ aperture). Zero indicates no preference. Pie charts represent the number of mice/group that

preferentially responded at the ‘‘reinforced’’ aperture. n = 10–11 mice/group.

(G) Timeline.

(H) Cocaine caused the same response biases as CORT exposure, and blocking CORT synthesis prior to cocaine prevented those inflexibilities. n = 12 mice/

group.

(I) Timeline.

(J) Effects of cocaine on sensitivity to reinforcer devaluation were also assessed. Control mice favored a valued over devalued pellet, but cocaine-exposed mice

did not. n = 7–9mice/group. *p% 0.05 following t-test when comparing 2 groups at a single time point and ANOVA when comparing >2 groups and/or multiple

time points. Bars and connected dots represent means (GSEMs if indicated), and gray dots and lines represent individual mice.
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We next tested mice for anhedonic-like behavior using a sucrose consumption test, revealing no group differences [no main effect of

cocaine F < 1; no main effect of Nr3c1 condition F < 1; no cocaine x Nr3c1 condition interaction F(1,30) = 0.85, p = 0.36] (Figure 2G).

Cocaine destabilizes action memory

Another explanation for cocaine-induced response inflexibilities, aside from impulsive- or anhedonic-like behavior, is deficiencies in the

learning andmemory processes required formice to update action strategies. A neuronal ensemble in the VLO that encodes actionmemories

was recently identified. These cells are active when mice experience unexpected non-reinforcement, and then must be re-activated later in

order for mice to flexibly deviate from familiar response strategies.25 We hypothesized that cocaine degrades new action strategy memories.

To test this possibility, we induced Gq DREADDs in cocaine-naı̈ve mice in cells that were active following the non-reinforced session, when

new expectancies were violated andmice inhibited a non-reinforced behavior (Figure S1G), which allowed us to then stimulate thesememory

trace neurons following cocaine exposure.We rationalized that if cocaine deteriorates newmemory or weakensmemory retrieval, stimulating

this memory trace population may restore action flexibility. If cocaine instead ablates action memory, which is another possibility, then stim-

ulation would have no effects.

We first confirmed that administration of the DREADDs ligand increased c-Fos in mice bearing Cre-dependent DREADDs vs. Cre-

dependent fluorophores, as expected [t(12) = �2.31, p = 0.04] (Figures 3A–3C). With viral vectors thus validated, we proceeded to behav-

ioral testing. Cocaine alone caused non-preferential responding even when one familiar behavior was no longer reinforced, as expected.

Figure 2. GR presence in the VLO controls action flexibility

(A) Representative mCherry-expressing viral vector in the VLO of a YFP-expressing mouse. Cre infusion into ‘‘floxed’’ Nr3c1 mice reduced GR

immunofluorescence in CaMKII+ neurons relative to infusion of a control viral vector in the opposite hemisphere. n = 7 mice, with comparison across

hemispheres. Scale bars = 100mm.

(B) Cre infusion into ‘‘floxed’’ Nr3c1 mice also reduced GR protein levels in gross tissue punches. n = 4–6 mice/group.

(C) Timeline.

(D) Cocaine induced inflexible choice, as before, but GR silencing in the VLO prevented inflexible behavior. Interestingly, GR reduction induced inflexible

behavior in cocaine-naı̈ve mice. Pie charts represent the number of mice/group that preferentially responded at the ‘‘reinforced’’ aperture.

(E) Impulsive-like behavior was next assessed in the same mice using a delayed reinforcement task. Mice could preferentially respond for a large over small

reinforcer.

(F) When a delay was introduced between responding for the large reinforcer and reinforcer delivery, mice switched preference to the small reinforcer. Drug-

naı̈ve mice with GR silencing generated lower response rates overall, though cocaine was without effect.

(G) Groups did not differ in sucrose consumption. n = 7–9 mice/group. *p < 0.05 following t-test when comparing 2 groups at a single time point and ANOVA

when comparing >2 groups and/or multiple time points. Bars and connected dots represent means (GSEMs if indicated), and gray dots and lines represent

individual mice.
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This was despite reactivation of memory trace neurons at the choice test, as measured by c-Fos in viral transduced cells (Figure S4). Never-

theless, chemogenetically stimulating memory trace cells rescued flexible behavior in cocaine-exposed mice [cocaine 3 DREADD interac-

tion F(1,25) = 4.10, p = 0.05] (Figure 3D). And interestingly, Gq DREADDs in naive mice had the opposite effects, ablating response flexibility

(Figures 3D and S1H).

To summarize, cocaine destabilizes action memories – likely memory to inhibit a familiar response.25 To substantiate this perspective, we

next assessed the ability of the mice to update responding in an instrumental omission task. In this case, reinforcers are delivered only when

mice inhibit responding, so the adaptive response is to depress responding. Across the session, mice decreased responding [main effect of

Figure 3. Cocaine degrades action-outcome memory

(A) Timeline. Cre-dependent GqDREADDswere delivered to the VLO, and 4OHT inducedCre in cells active following unexpected non-reinforcement.Mice were

then administered cocaine, followed by a washout period, and finally, Gq DREADDs+ cells were stimulated during a choice test. The rationale was that if cocaine

weakened action memory representations, then stimulating these neurons may reinstate action flexibility. If cocaine instead ablated action memory, then Gq

DREADDs should have no effects.

(B) Representative viral vector infusion. Gq DREADDs increased c-Fos, as expected. n = 6–8 mice/group. Scale bar = 100mm.

(C) Representative c-Fos+ puncta. Arrows indicating co-localization of c-Fos puncta and DREADD. Scale bar = 100 mm.

(D) Control mice favored a reinforced behavior, and cocaine obstructed response preference, as expected. Gq DREADDs stimulation, though, rescued flexible

action in cocaine-exposed mice. Pie charts represent the number of mice/group that preferentially responded at the ‘‘reinforced’’ aperture.

(E) Response patterns when mice were next tested in omission.

(F) Response rates dropped considerably from the beginning to end of the session in control mice, reflected by large difference scores. Meanwhile, cocaine-alone

mice responded similarly in the first and last time bins (scores �0), and Gq DREADDs boosted difference scores in cocaine-exposed mice.

(G) Line fits corresponding to e.

(H) Line fits with individual data points. The slope of the cocaine-alone group did not differ from 0, indicating no change across time. n = 6–8 mice/group.

*p < 0.05 following t-test when comparing 2 groups at a single time point and ANOVA when comparing >2 groups and/or multiple time points. Simple

linear regression analyses were also applied (bottom row). Bars and connected dots represent means (GSEMs if indicated), and unconnected dots represent

individual mice.
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time bin F(3,75) = 11.48, p < 0001]. Cocaine-alone mice did not change responding as much, however, and activating the action memory trace

cells facilitated adaptive responding, decreasing responding in cocaine-exposed mice [bin x drug 3 DREADD interaction F(3,75) = 3.30, p =

0.03] (Figure 3E). We next calculated the difference between response rates during the last 5 min relative to the first 5 min. Again, cocaine-

alonemice did not change their responding across time, but stimulating actionmemory trace cells caused cocaine-exposedmice to suppress

responding [cocaine 3 DREADD interaction F(1,25) = 6.19, p = 0.02] (Figure 3F).

To assess response rates in another way, we used simple linear regression analyses to fit lines to each group. The line for each group was

significantly different [F(3,108) = 4.75, p = 0.004] (Figure 3G), indicating that the groups responded differently across the session. We then as-

sessed whether each line was significantly different than zero, indicating a change in responding. All groups except the cocaine-alone mice

had a slope significantly different than zero, indicating that all but the cocaine-alone mice decreased responding across time [mCherry x Sal

F(1,30) = 18.69, p = 0.0002; Gq x Sal F(1,26) = 8.44, p = 0.007; Gq x Coc F(1,22) = 4.79, p = 0.04; mCherry x Sal F(1,30) = 0.34, p = 0.56] (Figure 3H).

Taken together, our findings indicate that cocaine impedes the ability of OFC neurons to stabilize novel action strategies, as opposed to

ablating action memory entirely.

GRs in the VLO drive cocaine-induced dendritic spine loss

In addition to their overlapping effects on behavioral responses, both cocaine and CORT cause attrition of dendritic spines on excitatory neu-

rons in the VLO. Given our findings that cocaine imperils memory, and dendritic spines are often considered substrates of learning andmem-

ory, we lastly hypothesized that cocaine-induced spine loss was due to activation of GRs. To test this hypothesis, we imaged YFP+mCherry+

dendrites from the mice used in Figure 2. Here, YFP identifies excitatory layer V neurons and enables high-resolution single cell imaging (Fig-

ure 4A), and mCherry signifies viral vector transduction. Dendritic spine densities were lower in cocaine-exposed mice, which was rescued by

viral-mediated GR reduction. Interestingly, GR reduction alone (in the absence of cocaine) also reduced dendritic spine density, bringing to

mind poor learning in thesemice (cf. Figure 2) [cocaine xNr3c1 condition interaction F(1,24) = 11.47, p= 0.002] (Figure 4B). In other words, both

groups that struggled to update action strategies also suffered spine attrition on excitatory OFC neurons.

Next, we compared dendritic spine morphological subtypes across groups – stubby-type, mushroom-type, versus thin-type. Cocaine

alone caused a loss of stubby-type and mushroom-type spines [stubby-type spines cocaine x Nr3c1 condition interaction F(1,24) = 4.97,

p = 0.035; mushroom-type spines cocaine x Nr3c1 condition F(1,24) = 4.92, p = 0.036]. Cocaine also caused a loss of thin-type spines, which

was rescued by GR reduction [cocaine x Nr3c1 condition F(1,24) = 5.92, p = 0.023] (Figure 4C). We then assessed the distribution of spine

lengths, agnostic to the spine types. Dendritic spine lengths were longer in cocaine-exposed mice and mice that had GR reduction alone

[K-S p’s < 0.0001] (Figure 4D). Other morphometric measures did not differ between groups (not shown).

Figure 4. Cocaine-induced dendritic spine loss in the VLO is GR-dependent

(A) Representative images and 3D reconstructions adjacent. Scale bar = 2mm.

(B) Cocaine caused a loss of dendritic spines in the VLO that was prevented by GR reduction. GR reduction alone also reduced overall dendritic spine densities in

the VLO.

(C) Cocaine caused attrition of all spine subtypes, with prevention of thin-type spine loss by GR reduction.

(D) Cocaine and GR reduction alone also increased dendritic spine lengths. Meanwhile, cocaine-induced lengthening was prevented by GR reduction. n = 6–8

mice/group. Bars represent means. Dark gray dots represent individual mice, and light gray triangles represent individual dendrites in B and C. Dots represent

individual dendrites in D. *p < 0.05, **p < 0.0001 following interaction effects detected by ANOVA or K-S comparisons (in D).
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DISCUSSION

Here, we examinedmechanisms by which cocaine biases organisms toward inflexible, familiar action strategies. Specifically, we evaluated the

contribution of cocaine-elicited CORT release, finding that inhibiting CORT synthesis prevents inflexible behavior in cocaine-exposed mice,

and this effect appears to bemediated byGRpresence onCaMKII+ neurons in the VLO.Cocaine-induced response biases were not obviously

attributable to impulsive- or anhedonic-like behavior, sequelae linked to stress systems, but rather, the destabilization ofmemory traces in the

VLO that store action memories for later retrieval and action flexibility.

Cocaine-induced CORT blunts action updating

Here, we investigated the learning and memory processes by which behaviors are flexibly updated in dynamic environments. Mice were first

trained to respond in two nose-poke apertures for food pellets delivered into a separate magazine. Then, responding was no longer rein-

forced at one aperture, and instead, pellets were delivered non-contingently. Thus, for one nose-poking behavior, familiar reinforcement con-

ditions were maintained, while for the other, those expectations were violated. Nose-poking is instrumental in nature, as opposed to a

Pavlovian response based on the stimulus properties of the nose-poke aperture.25 As such, during a brief choice test, typical mice preferen-

tially engage the aperture where nose-poking had remained reinforced, demonstrating sustained, flexible deviation from the equivalent re-

sponding at both apertures established during training.

Cocaine causes failures in action updating in this and similar tasks in rodents6,7,33 and humans9,10 alike. Prior stressor exposure appears to

be a major contributor in humans,9 and is itself sufficient to induce the same behavioral inflexibilities.11,12 Given that cocaine elicits a stress

response,2–4 and cocaine and stress have strikingly similar effects in tests of action flexibility, we hypothesized that cocaine acts through a

CORT-mediated mechanism. Indeed, blocking CORT synthesis prior to cocaine administration fully rescued flexible behavior in cocaine-

exposed mice. Notably, CORT synthesis inhibition can also blunt cocaine-induced locomotor sensitization, as well as self-administration

and reinstatement of drug seeking.34–37 And in individuals with cocaine dependency, a combination of the CORT synthesis inhibitor Met

and a benzodiazepine reduced cocaine craving and use.38 Thus, cocaine-elicited CORT may contribute to multiple behaviors associated

with cocaine misuse, including drug seeking and drug-induced sensitization and action inflexibilities.

One important aspect of this report is that we replicated evidence that cocaine increases circulating CORT, as previously reported with

repeated2–4 and acute34 exposure. We measured CORT levels halfway through our repeated cocaine exposure procedure to emphasize

that GRs are likely being repeatedly activated with repeated cocaine exposure. Cocaine-induced CORT release may be due to cocaine

increasing monoamines in the synapse. For instance, norepinephrine binding to receptors on neurons that release corticotropin-releasing

hormone in the paraventricular nucleus of the hypothalamus leads to adrenocorticotropin hormone binding in the adrenal glands, ultimately

causing CORT release.39,40 Another possibility, relevant here, is that detected CORT may have been released in an anticipatory or condi-

tioned response, given that blood was collected at the time of day when mice would have typically received cocaine.

What might account for cocaine-induced action inflexibility? A number of possibilities are plausible, particularly given this discovery of

stress hormone involvement. It is conceivable that cocaine caused impulsive-like behavior,41,42 which caused mice to be unable to preferen-

tially respond at the previously reinforced aperture. We tested this possibility with a delayed reinforcement task and found that cocaine was

without effect at the time of testing, which was notably well after cocaine exposure. Another consideration is that mice here could have been

primed to detect changes in task parameters, given their experiences with other behavioral tests.

It is also conceivable that cocaine caused response biases by inducing anhedonic-like behavior.43 In this case, mice may not have favored

the reinforced behavior because the food reinforcers had lost hedonic value. Yet, we found no effects in a sucrose consumption test well-

suited to detect anhedonic-like behavior,26 if it exists.

Action inflexibility in the task used here has often been interpreted as being habit-like –meaning, driven by stimulus-response associations

that are insensitive to outcomes. To substantiate this perspective, we turned to a classical reinforcer devaluation task, in which case reinforcer

value is reduced and habitual behavior is inferred if mice do not modify their behaviors accordingly.44 As anticipated, cocaine obstructed

action flexibility here, as well as in a classical omission task, suggesting that cocaine-induced response biases are habitual in nature. We

included female mice throughout this report because prior reports overwhelmingly utilized males. To our knowledge, ours is amongst the

first time this phenomenon has been comprehensively demonstrated in adult, female mice, as opposed to adult males or adolescent

mice of both sexes.6,33

Mammals may perform habitual behaviors by virtue of extensive familiarity with a task, or because they are unable to learn, maintain, or

recall the action-outcome links that support competing goal-directed actions.Medial prefrontal cortical regions like the prelimbic cortex form

action-outcome links, and theOFC, particularly ventrolateral compartment, is necessary for updating andmaintaining associations when they

change and retrieving new memories, thus enabling action flexibility.25,30,45,46 We found that reducing GR presence selectively in the VLO

rescued the ability of cocaine-exposedmice to modify their action strategies when familiar behaviors were no longer reinforced. Thus, excess

stimulation of GRs in the VLO impedes action flexibility.

VLO neurons form stable representations of new action strategies when familiar expectations are violated. These memory traces are then

retrieved whenmice seek rewards in the future.25 We envisioned that cocaine could ablate or degrade actionmemory or obstruct its retrieval.

To disentangle these possibilities, we selectively induced chemogenetic constructs in cells active when familiar expectations were violated,

which allowed us to stimulate thosememory trace cells later, after cocaine exposure. Stimulatingmemory trace cells in cocaine-exposedmice

improved action flexibility. Thus, cocaine did not ablate action memory, since it could be made accessible by virtue of chemogenetic cell

stimulation. Cocaine also did not grossly obstruct the reactivation of memory trace neurons, since these neurons expressed c-Fos upon

ll
OPEN ACCESS

iScience 27, 110148, July 19, 2024 7

iScience
Article



memory retrieval. Thus, we imagine that the representation of action memories is corrupted by cocaine, such that greater stimulation than

typical is required for memory retrieval. One consideration, though, is that c-Fos offers limited resolution by which to discern differences in

degrees of activity in neurons,47,48 so it is possible that cocaine impacts memory trace neuron reactivation in a subtle fashion.

Cocaine and CORT both cause a loss of dendritic spines on excitatory neurons in the OFC,49,50 including projection-defined neurons

necessary for memory retrieval.25 Meanwhile, recovery of spine densities has been linked to successful action updating in cocaine-exposed

mice.7 Onemechanism by which excess GR binding upon cocaine exposuremay cause dendritic spine attrition is through its interactions with

Brain-derived Neurotrophic Factor (BDNF). CORT exposure reduces BdnfmRNA in the OFC51 and BDNF binding to its high-affinity receptor

tropomyosin receptor kinase B in theOFC is necessary for successful action updating.24,33,52,53 Arango-Lievano et al.54 find that the function of

BDNF and GRs must be coordinated to promote dendritic spine plasticity. Perturbations in either or both systems could result in dendritic

spine loss. Importantly, BDNF in the VLO is necessary for the encoding and retrieval of actionmemories25 and is therefore, in conjunction with

its role in dendritic spine plasticity, likely to be involved in action memory stability and its recall. Another potential mechanism by which

cocaine-induced CORT release destabilizes memory is by modulating memory traces through changes in excitatory/inhibitory signaling.55

For example, CORT exposure in another report increased recruitment of neurons into a memory trace in the dentate gyrus and increased

the excitability of these neurons, which increased fear memory expression.56 Chronic stressor exposure increases inhibitory signaling in

the prefrontal cortex,57,58 which could also conceivably affect memory stability.

Limitations of the study

GRs play an important role in learning and memory processes, including long-termmemory storage and retrieval.59–62 Thus, it is perhaps un-

surprising that GR loss in the VLO of cocaine-naı̈ve mice obstructed action flexibility here, as with systemic administration of GR antagonists in

prior reports.13,63 Optimal performance in this task appears to require dendritic spine plasticity on excitatory deep-layer neurons,25,45 a pro-

cess likely facilitated by homeostatic GR occupancy and blunted in its absence.64–67 This observation, plus evidence that stimulation of excit-

atory VLOneurons in drug-naı̈ve organisms obstructs action flexibility in the same task (Figure 3 here and ref; 25 and 68), altogether reinforce the

notion that expectancy updating within the VLO appears to follow a nonlinear, inverted-U-shaped relationship with ‘‘too little’’ or ‘‘too much’’

activity of a given biological factor hindering optimal performance. An alternative consideration is that cocaine may cause NR3C1 downre-

gulation due to repeated CORT release.69,70 This would account for similarities between cocaine-exposedmice and drug-naı̈ve mice with GR

silencing here. Relatively little is known about GR (or mineralocorticoid receptor) levels following cocaine exposure. Future investigations

could help disentangle these possibilities.
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Oliveira, C., Le Moal, M., and Piazza, P.V.
(1997). Acute blockade of corticosterone
secretion decreases the psychomotor
stimulant effects of cocaine.
Neuropsychopharmacology 16, 156–161.
https://doi.org/10.1016/S0893-133X(96)
00169-8.

35. Piazza, P.V., Marinelli, M., Jodogne, C.,
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Shannon Gourley (shannon.l.gourley@emory.edu).

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-GR Abcam Cat. #ab18312;

RRID:AB_2833234

Rabbit anti-cFos Abcam Cat. #ab190289;

RRID:AB_2737414

Rabbit anti-cFos Cell Signaling Technology Cat. #2250S;

RRID:AB_2247211

Bacterial and virus strains

AAV2.CAMKII-mCherry UNC Viral Vector Core N/A

AAV8-CAMKII-mCherry-Cre UNC Viral Vector Core N/A

AAV5-hSyn-DIO-mCherry G HM3D(Gq) Addgene; Bryan Roth Cat. #44361

Chemicals, peptides, and recombinant proteins

Cocaine hydrochloride Sigma-Aldrich Cat. #C5776

Clozapine-N-oxide Sigma-Aldrich Cat. #C0832

4-hydroxytamoxifen Sigma-Aldrich Cat. #H6278

Metyrapone Santa Cruz Biotechnology Cat. #sc-200597

4-pregen-11b 21-DIOL-3 20-DIONE 12-hemisuccinate (CORT) Steraloids Cat. #Q1562

Critical commercial assays

Corticosterone ELISA Enzo Life Sciences Cat. #ADI-900-097;

RRID:AB_2307314

Deposited data

Analyzed Data This paper Emory University DataVerse:

https://doi.org/10.15139/S3/09JFIC

Experimental models: Organisms/strains

Mouse: B6.129S6-Nr3c1tm2.1Ljm/J The Jackson Laboratory Strain #:012914;

RRID:IMSR_JAX:012914

Mouse: B6.Cg-Tg(Thy1-YFP)HJrs/J The Jackson Laboratory Strain #:003782;

RRID:IMSR_JAX:003782

Mouse: Fostm2.1(icre/ERT2)Luo/J The Jackson Laboratory Strain #:030323;

RRID:IMSR_JAX:030323

Software and algorithms

Imaris v.8 Oxford Instruments http://imaris.oxinst.com

ImageJ Wayne Rasband http://imagej.nih.gov/ij/

SPSS v.28 IBM http://www.ibm.com/products/spss-statistics

GraphPad Prism v.10 GraphPad Software https://www.graphpad.com
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Data and code availability

� Data will be deposited to the Emory University Dataverse: https://doi.org/10.15139/S3/09JFIC and thus publicly available upon

publication.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper may be made available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice were: wildtype C57BL/6 mice, double-transgenic mice expressing Thy1-YFP-H71 and Nr3c1flox,72 or Fos2A-iCreER (‘‘TRAP2’’)73 transgenic

mice. Mutant mice were bred on a C57BL/6 background. Mice wereR6 weeks old except in experiments with adolescent mice, in which case

manipulations began at postnatal day (P) 31. Initial pharmacological studies (Figure 1) utilized female mice, replicating prior, foundational

experiments conducted in males (see discussion for references). Subsequent experiments used both sexes. Sex differences were not de-

tected. Mice were maintained on a 14-h light cycle (07:00 on) and provided food ad libitum except during instrumental conditioning when

bodyweights were reduced to�90–93%baseline. Experiments took place between 09:00 and 13:00. Procedures were approvedby the Emory

University Institutional Animal Care and Use Committee, protocol 201700227.

METHOD DETAILS

Intracranial surgery

Experiments that required intracranial surgery used adeno-associated viruses (AAV) expressing Cre recombinase (Cre) (AAV2/8-CAMKII-

mCherry G Cre; University of North Carolina Viral Vector Core) or Cre-dependent Gq-coupled Designer Receptor Exclusively Activated

by Designer Drugs (DREADDs) (AAV5-hSyn-DIO-mCherry G HM3D(Gq); AddGene).

Mice were anesthetized with a 100 mg/kg ketamine/1 mg/kg xylazine mixture, i.p., and then placed in a stereotaxic frame (Stoelting Co.,

WoodDale, IL). The headwas cleaned, skin cut, and skull leveled. For VLO infusions, infusion needles were centered at bregma and a hole was

drilled in the skull corresponding to+2.6 AP, +/�1.2ML,�2.8 DV.18,74 Viral vectors were bilaterally infused (0.5 mL per hemisphere) over 10min

with the needle left in place for an additional 5min. Mice were sutured and allowed to recover for 3 weeks, allowing for viral vector expression.

Drug administration

Drugs were administered in a volume of 1 mL/100 g unless otherwise noted.

Cocaine HCl

Cocaine (30 mg/kg, i.p., in saline; Sigma-Aldrich) or vehicle was administered to adult mice daily for 7 or 14 days, as indicated in figure time-

lines. In adolescentmice, cocaine (10mg/kg) was administered from P31-P35 followed by a 21-day washout period to allow themice to age to

adulthood. These doses and timing were derived from prior investigations revealing that cocaine impacts response strategies, biasing ro-

dents towards habit-based behaviors.6,7

Metyrapone (Met)

Met (30 mg/kg in adults, 10 mg/kg in adolescents, i.p., in saline; Sigma-Aldrich) or vehicle was administered 30 min before cocaine or vehicle.

The 30 mg/kg dose used here would be expected to reduce CORT in cocaine-exposed mice by roughly 35%.34 The 10 mg/kg dose was cho-

sen by scaling down the 30 mg/kg dose to align with the lower cocaine dose used in adolescents.

4-hydroxytamoxifen (4OHT)

4OHT (40 mg/kg, i.p., in 2% Tween80, 5% DMSO, and saline; Sigma-Aldrich) was administered immediately after the non-reinforced session.

4OHT was administered in a volume of 2 mL/100 g.

Clozapine N-oxide (CNO)

CNO (1mg/kg, i.p., in 2%DMSO and saline, Sigma-Aldrich) was delivered 30min before test. All mice receivedCNO, regardless of condition,

to equally expose animals to any unintended consequences of CNO. Importantly, this dose does not by itself impact responding in this task.25

When mice were euthanized with CNO on-board, euthanasia occurred 1 h following injection.

CORT

4-pregen-11b 21-DIOL-3 20-DIONE 12-hemisuccinate (Steraloids, Newport, RI) was dissolved in tap water (35 mg/mL free base;75), and CORT-

infused water replaced regular water. Control mice consumed tap water. Water bottles were weighed daily, and mice weighed every other

day. Using these values, we were able to calculate the amount of liquid displaced/total weight of all mice in the cage. We were then able to
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calculate the approximate dose of CORT ingested (6–9 mg/kg/day). Water bottles were refilled with fresh water or newly prepared CORT

solution every 3 days. Mice were exposed to CORT for 14 days, followed by a 14-day washout period.

Blood serum CORT

Blood serum CORT was collected and measured 1 day following the final cocaine injection, as described.14 Briefly, mice were rapidly anes-

thetized with isoflurane between the 10:00-11:00 h, decapitated and trunk blood was collected in chilled Eppendorph tubes. Samples were

centrifuged at 4�C for 30 min and serum was extracted. CORT levels were measured in duplicate via enzyme-linked immunosorbent assay

(ELISA; Assay Designs) in accordance with the manufacturer’s instructions except for the extraction step, which was omitted.

Instrumental response training

Mice were trained to nose poke for food pellets (20mg, Bio-Serv, Flemington, NJ) in Med-Associates operant conditioning chambers (St. Al-

bans, VT) equipped with 2 nose poke apertures and a food magazine. Mice were trained using a fixed ratio (FR) 1 schedule of reinforcement

wherein 30 pellets were available for responding on each aperture for a maximum of 60 pellets/session. Mice were considered to have ‘‘ac-

quired’’ when they received 25 pellets for responding at both apertures. The program ended when mice had received 30 pellets/side or at

70 min. Mice required 10–14 sessions to acquire, and the last 10 sessions are shown. For experiments in Figures 1 and S2, mice received 2

additional days of training according to a random interval (RI) 30-s schedule of reinforcement to increase response rates. Mice then pro-

ceeded to satiety-specific devaluation or the test of response flexibility.

Satiety-specific devaluation

Satiety-specific devaluation was used to assess whether mice could modify response strategies due to changes in the value of expected out-

comes. After instrumental response training and immediately before a choice test, micewere allowed unlimited access in a novel environment

to the pellets used in training, thus reducing the pellet value by virtue of satiety (referred to as ‘‘devalued’’). As a control, mice were allowed

unlimited access to standard laboratory chow on another day, leaving the value of the pellets unaffected (‘‘valued’’ condition). Following ad

libitum feeding (90 min), mice were placed in the operant conditioning chambers for a 10 min choice test conducted in extinction. Mice that

successfully update their response strategies will decrease responding for the devalued pellet. Pellet vs. chow prefeeding sessions were

counter-balanced, and groups did not differ in the amount of pellets or chow consumed during the prefeeding period.

Test of response flexibility

This test was conducted after instrumental response training, first using a single reinforcer (purified grain-based pellet; for Figures 1C–1G),

then with 2 separate, equally preferred reinforcers (purified grain and chocolate) for the rest of the manuscript, given that goal-seeking

behavior is often thought to involve the integration of specific reward features into goal representations. In a 25 min ‘‘reinforced’’ session,

1 aperture was occluded, and responding on the other aperture was reinforced using an FR1 schedule of reinforcement. In a 25 min ‘‘non-

reinforced’’ session, the following day, the opposite aperture was occluded, and pellets were delivered at a rate matched to each animal’s

reinforcement rate during the ‘‘reinforced’’ session. Responses at the available aperture resulted in no programmed consequence. The

following day, both apertures were available in a 10 min choice test conducted in extinction. Preferential responding at the nose poke

that was previously reinforced indicates a flexible response strategy, deviating from equivalent responding during training. Meanwhile, com-

parable responding at both apertures indicates a failure to update action strategies.

Timeline for chemogenetic experiment

Mice in the final behavioral experiment reported here underwent the 2 25 min sessions described above, and 4OHT was administered

following the non-reinforced session to induce chemogenetic constructs in neurons active during this period. These neurons form memory

traces for new action strategies, and chemogenetic receptors allow for their later manipulation.25 Mice then underwent cocaine administra-

tion. Mice were then re-trained daily for 5 days using an FR1 schedule of reinforcement to reignite responding. The test of response flexibility

protocol was repeated as described above, with the reinforced and non-reinforced apertures held constant. A choice test followed the next

day, with CNO delivered prior to the test. Finally, mice were again re-trained using an FR1 schedule of reinforcement for 2 days to reignite

responding before an omission test, described below.

Delayed reinforcement (delayed discounting)

A delayed reinforcement task was used to assess impulsive-like behavior. Following the ‘‘Test for Response Flexibility,’’ mice were placed in

the same operant conditioning chambers. First, mice had access to 2 active nose poke apertures for 30 min. Nose poking at 1 aperture re-

sulted in the delivery of 5 pellets (large reinforcer) while nose poking at the other aperture resulted in delivery of a single pellet (small rein-

forcer). Following nose poke responses, there was a 25s time-out. Mice were considered to have acquired once they preferentially responded

for the large reinforcer. Mice then began the delay phase of the task. Across 7 days, they experienced an increasing delay (10s, 20s, 30s, 45s,

60s, 80s, 100s) between nose poking for the large reinforcer and delivery of the pellets, and responding was monitored. Conditions were un-

changed for the small reinforcer.
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Instrumental omission

Instrumental omission was used to further assess the ability of mice to update responding after a change in the relationship between nose

poking and pellet delivery. Following the ‘‘Test for Response Flexibility,’’ responding on one aperture was reinstated using 2 sessions and an

FR1 schedule of reinforcement. The other aperture was occluded and not available for responding. Then, the omission procedure

commenced on the available aperture as described,76 in which case pellets were scheduled to be delivered every 20s but the counter was

reset after a nose poke response, delaying delivery of the reinforcer. Thus, mice had to inhibit responding in order to receive pellets. The

session was 20 min long.

Progressive ratio

Behaviorally naive mice were trained to nose poke at one aperture using an FR1 schedule of reinforcement wherein 30 pellets were available/

session for responding. Mice were considered to have ‘‘acquired’’ when they received 25 pellets/session. Then, they were trained for 5 ses-

sions according to an RI 30-s schedule of reinforcement. The program ended whenmice had received 30 pellets or at 70 min. Mice were then

tested using a progressive ratio schedule of reinforcement in which the response requirement increased by 4 with each pellet delivery (i.e.

1,5,9, x+4). Sessions ended at 180 min or when mice did not respond for 5 min. Break point ratios, the highest number of responses the

mice were willing to complete to receive a pellet, are reported, averaged across 3 sessions conducted on 3 consecutive days.

Sucrose consumption

Sucrose consumption was used to assess anhedonic-like behavior.26 Mice were placed individually into clean cages with access to a water

bottle filled with 1% w/v sucrose. Mice were acclimated to the cage and sucrose for 4 h and then water-restricted for 19 h. The water bottles

containing the sucrose solution were returned to the cage for 1 h. The bottles were weighed immediately before and after this 1-h period.We

were thereby able to calculate % body weight consumed.

Western blotting

Mice were briefly anesthetized by isoflurane and euthanized by rapid decapitation 3 weeks after viral vector infusion. Brains were extracted

and frozen at�80�C, then sectioned at 1mm. A single experimenter centered a 1mm corer within the ventrolateral OFC under a fluorescence

dissection microscope for dissection. Tissue was homogenized by sonication, and protein content was measured by Bradford colorimetric

assay. 10 mg of protein/sample was separated by SDS-PAGE on a 4–15% gradient tris-glycine stain-free gel (Bio-rad). Following transfer to

PVDF membrane, membranes were blocked in 5% nonfat milk.

Membranes were incubated in primary antibody, Anti-GR (1:2000, Abcam, ab183127, lot# GR3259213-11) overnight and then in horse-

radish peroxidase-conjugated goat anti-rabbit (Vector; 1:5000) secondary antibody. Immunoreactivity was assessed using a chemilumines-

cence substrate (Pierce) and measured using a ChemiDoc Imager (Bio-rad). All gels were normalized to their corresponding total protein.

The signals were normalized to the control sample mean from the same membrane to control for variance between gels. Samples were

run twice to ensure replication.

Immunofluorescence

Viral vector localization

Mice were deeply anesthetized and euthanized by intracardiac perfusion 4 days after the conclusion of behavioral experiments. Brains were

extracted and submerged in 4%paraformaldehyde for 48 h and then transferred to 30%w/v sucrose. 50 mm-thick sections were prepared on a

microtome held at �21�C G 1. Viral vector infusion sites were verified and characterized by imaging mCherry.

c-Fos immunostaining and quantification

To validate Gq DREADDs, mice were euthanized 1 h following CNO injection by deep anaesthesia and intracardiac perfusion. Brains were

prepared as above.

Sections were blocked in a solution containing PBS, 2% normal goat serum (NGS), 1% bovine serum albumin (BSA), and 0.03% Triton X-100

(Sigma Aldrich) for 90 min at room temperature. Then, sections were incubated with the primary antibody solution containing anti-c-Fos

(1:1000, Abcam, ab190289, lot# GR3443853-1), 2% NGS, and 0.003% Triton X-100 at 4�C overnight. Then, sections were incubated in a sec-

ondary solution containing Alexafluor 488 (1:1000, Life Technologies, A11070, lot# 234906), 2% NGS, and 0.03% Triton X-100 at room tem-

perature for 90 min. Sections were mounted and coverslipped with Fluromount-G with DAPI (ThermoFisher Scientific).

In another experiment, mice were euthanized 1 h after the choice test, and c-Fos was visualized in memory trace neurons, identified by

viral-mediated mCherry expression. Brains were prepared as above.

Sections were blocked in a solution containing PBS, 2% normal goat serum (NGS), 1% bovine serum albumin (BSA), and 0.03% Triton X-100

(Sigma Aldrich) for 90 min at room temperature. Then, sections were incubated with the primary antibody solution containing anti-c-Fos

(1:1000, Cell Signaling Technology, 2250S, lot# 12), 2% NGS, and 0.003% Triton X-100 at 4�C overnight. Then, sections were incubated in

a secondary solution containing Alexafluor 680 (1:1000, Jackson ImmunoResearch Laboratories, 111-625-144, lot# 163593), 2% NGS, and

0.03% Triton X-100 at room temperature for 1 h. Sections were mounted and coverslipped with Fluromount-G with DAPI (ThermoFisher

Scientific).
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Immunostained sections were imaged using a Keyence BZ-X710 microscope at 403 magnification. Uniform exposure parameters were

used throughout, and anatomical landmarks were used to ensure images were similarly localized. 3–4 images were collected per mouse.

When normalized, values were normalized to the control sample mean. For c-Fos quantification, analyses were performed using

CellProfiler. The analysis pipeline included thresholding (Otsumethod) and identifying primary objects,77 defined as viral transduced neurons.

GR immunostaining and quantification

Mice were deeply anesthetized and euthanized by intracardiac perfusion 3 weeks after viral vector infusion. Brains were prepared as above.

Sections were blocked in a solution containing PBS, 2% normal goat serum (NGS), 1% bovine serum albumin (BSA), and 0.03% Triton X-100

(SigmaAldrich) for 90min at room temperature. Then, sections were incubated with the primary antibody solution containing anti-GR (1:1000,

Cell Signaling Technology, 3660S, lot# 5), 2% NGS, and 0.003% Triton X-100 at 4�C overnight. Then, sections were incubated in a secondary

solution containing Alexafluor 680 (1:1000, Jackson ImmunoResearch Laboratories, 111-625-144, lot# 163593), 2% NGS, and 0.03% Triton

X-100 at room temperature for 1 h. Sections were mounted and coverslipped with Fluromount-G with DAPI (ThermoFisher Scientific).

Immunostained sections were imaged using a Keyence BZ-X710 microscope at 403 magnification. Uniform exposure parameters were

used throughout, and anatomical landmarks were used to ensure images were similarly localized. 3–4 images were collected per hemisphere.

Analyses were performed using CellProfiler. The analysis pipeline included thresholding (Otsu method) and identifying primary objects,77

defined as viral transduced neurons.

Dendritic spine imaging

YFP-expressing mice were deeply anaesthetized and euthanized by intracardiac perfusion 4 days after the conclusion of behavioral experi-

ments. YFP in these mice labels layer V neurons. Brains were extracted and submerged in 4% paraformaldehyde for 48 h and then transferred

to 30%w/v sucrose. 50 mm-thick sections were prepared on amicrotome held at�21�CG 1. Images of transduced neurons were acquired on

a Leica DM5500Bmicroscope equipped with a spinning disk confocal (VisiTech International) and a HamamatsuOrca R2 camera using a 100x

1.4 NA objective. Z-stacks of dendritic segments were acquired using a 0.1 mm step size. 4–8 dendrites per mouse were acquired bilaterally

from independent neurons. The location of the imaged segments within target regions was confirmed by zooming out to a lowmagnification.

Care was taken to image second-order or higher apical OFC dendrites 50–150 mm from soma. A single blinded user generated all images.

Dendrite reconstruction

The FilamentTracermodule of Imaris (BitplaneAG) was used: A dendritic segment 19–30 mm in lengthwas drawnwith the autodepth function.

Dendritic spine head location was manually indicated, and FilamentTracer processing algorithms were used to calculate morphological pa-

rameters. Morphological classification of dendritic spines was determined using parameters modified from ref.78 Spines with a head:neck

diameter ratioR1.1 and head diameterR0.7 mmwere classified as mushroom-type or otherwise classified as thin-type. Spines with a head:-

neck diameter ratio <1.1 and a length:neck diameter ratio R2.5 were classified as thin-type or otherwise classified as stubby-type. A single

blinded individual quantified all dendritic spines within a given experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Nose poke rates, difference scores, and dendritic spine densities were compared by ANOVA, with nose poke aperture, viral vector, and/or

drug(s) as factors, and with repeated measures when appropriate. Difference scores were calculated as responses on the ‘‘reinforced’’ port

minus responses on the ‘‘non-reinforced’’ port, or responses in the last 5-min epoch relative to the first in the case of omission. In the case of

significant interactions, post-hoc comparisons were made with Tukey’s tests, and results are indicated graphically. In the behavioral choice

tests, an interaction between nose poke aperture, drug, G viral vector is required to conclude that a given manipulation affected flexible

behavior. For analyses of responding across the instrumental omission session, simple linear regression was also used to generate line of

best fit.

For western blot, blood serum CORT, and c-Fos analyses in the main text, each mouse contributed a single value (each animal’s mean

value from multiple gels/samples/sections). c-Fos analyses in the supplementary figure were compared on a per-section basis to maximally

explore between- and within-group variability. Comparisons were made by unpaired t-tests.

For GR immunofluorescence, the control viral vector was infused into the VLO of one hemisphere and the Cre-expressing viral vector into

the other hemisphere. Each hemisphere contributed a single value (each hemisohere’s mean percentage value frommultiple images). Com-

parisons were made by paired t-tests across hemispheres.

Dendritic spine morphometric analyses were conducte by Kolmogorov-Smirnov (K-S) comparisons.

Throughout, SPSS and GraphPad Prism were used, and p % 0.05 was considered significant, except in the case of K-S comparisons, in

which p < 0.0001 was considered significant. Comparisons were 2-tailed except for the western blot validating Nr3c1 knockdown, which

was 1-tailed based on the a priori hypothesis that gene silencing would reduce protein levels. Group sizes were determined based on power

analyses and preexisting datasets. n values for each individual group are reported in the figure captions. All experiments were conducted at

least twice.
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