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Abstract

Behavioral flexibility—that is, the ability to deviate from established behavioral sequences—is 

critical for navigating dynamic environments and requires the durable encoding and retrieval of 

new memories to guide future choice. The orbitofrontal cortex (OFC) supports outcome-guided 

behaviors. However, the coordinated neural circuitry and cellular mechanisms by which OFC 

connections sustain flexible learning and memory remain elusive. Here we demonstrate in mice 

that basolateral amygdala (BLA)→OFC projections bidirectionally control memory formation 

when familiar behaviors are unexpectedly not rewarded, whereas OFC→dorsomedial striatum 

(DMS) projections facilitate memory retrieval. OFC neuronal ensembles store a memory trace 

for newly learned information, which appears to be facilitated by circuit-specific dendritic spine 

plasticity and neurotrophin signaling within defined BLA–OFC–DMS connections and obstructed 

by cocaine. Thus, we describe the directional transmission of information within an integrated 

amygdalo-fronto-striatal circuit across time, whereby novel memories are encoded by BLA→OFC 

inputs, represented within OFC ensembles and retrieved via OFC→DMS outputs during future 

choice.
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Behavioral flexibility—that is, deviating from established behavioral sequences—requires 

the encoding and retrieval of new reward-related memories to shape future choice. For 

instance, if one encounters road construction while driving a familiar route to work, then 

one would ideally learn that new information and later apply it to select a different 

path on subsequent days. The capacity to encode, stably represent, update and retrieve 

reward-related expectations likely requires the concerted integration of numerous cognitive 

processes across multiple time scales and brain regions—processes that are not yet fully 

understood. Flexible learning and memory are critical adaptations for navigating dynamic 

environments, and failures of these processes are thought to represent a core feature of many 

neuropsychiatric disorders, including addiction1.

The orbitofrontal cortex (OFC) supports outcome-guided decision-making across a diverse 

array of behavioral tasks2,3 and appears to be especially important for integrating novel 

information into established behavioral strategies4-6. A unified model posits that the 

OFC supports this varied set of computations by encoding a cognitive map of task 

space3,7,8—an abstract representation of the associative and causal structure formed by 

task-relevant variables within an environment9. This schematic organization allows for 

efficient integration of new learning into existing knowledge, thus enabling adaptive 

modification of action strategies when familiar expectancies are violated or change10. 

However, understanding the coordinated neural circuitry and cellular mechanisms by which 

specific decision variables are conveyed to, converge within and are ultimately accessed by 

OFC networks are still being defined. Studying these processes is particularly challenging 

given the functional heterogeneity of the OFC both across topographical subregions2 and 

between intermingled neuronal populations11,12. Thus, lesions or bulk inactivation may fail 

to capture more intricate neural computations within the OFC, which appear to be highly 

dependent upon circuit connectivity13-15.

Results

In this study, we sought to identify OFC circuits that mediate the learning and memory 

processes by which flexible behaviors are established and sustained in mice. Accordingly, 

we measured the ability of mice to adapt their behaviors when familiar actions were 

unexpectedly not rewarded (Fig. 1a). Mice were first trained across several sessions to 

respond in two distinct nose-poke apertures, each reinforced with delivery of a food pellet 

into a separate magazine, such that mice responded equivalently on both apertures after 

training (Extended Data Fig. 1). Next, mice were given isolated access to one aperture, 

wherein responding remained reinforced, followed by access to the other aperture, wherein 

responding was no longer reinforced, and, instead, pellets were delivered non-contingently 

(that is, for free) at a rate equal to that of the prior, reinforced session. Thus, for one 

nose-poking behavior, established reinforcement conditions were maintained, whereas, for 

the other, those expectations were violated. Notably, the number of food pellets associated 

with each response and aperture was equivalent. After training with ratio schedules of 

reinforcement, which generate strong associations between actions and outcomes, nose-

poking is instrumental in nature (Extended Data Fig. 2), as opposed to a Pavlovian response 

based on the stimulus properties of the nose-poke aperture. As such, during a brief choice 

test, conducted in extinction, typical mice preferentially engage the aperture where nose-
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poking had remained reinforced, thus demonstrating sustained, flexible deviation from the 

equivalent responding at both apertures, as during training.

BLA→OFC projections are necessary for memory encoding

We first investigated the potential role of inputs to the OFC in sustained response flexibility. 

The OFC is a topographically expansive and functionally heterogeneous structure2. 

Accordingly, we focused on the anterior aspect of the ventral OFC, which appears to be 

sensitive to changes in reward availability and updating response strategies according to 

action–outcome associations compared to more lateral or posterior subregions5 (Extended 

Data Fig. 3). A prominent source of afferent OFC projections, particularly those terminating 

in the anterior OFC, originates in the basolateral amygdala (BLA)16, lesions of which alter 

reward-related firing of OFC neurons17,18. Behavioral flexibility in our task requires both 

(1) encoding new memories about changing reward expectancies and (2) later retrieving 

that information during subsequent choice epochs to guide response strategies (Fig. 1a). 

Accordingly, we first examined whether BLA→OFC projections contribute to memory 

encoding by selectively expressing inhibitory (Gi-coupled) chemogenetic receptors on 

BLA→OFC projecting neurons (Fig. 1b-d and Supplementary Fig. 1). We administered the 

chemogenetic ligand clozapine-N-oxide (CNO) immediately after a session when a familiar 

expectation was violated (Fig. 1e), thus inactivating BLA→OFC projections during the 

putative memory-encoding period but without altering responding during that non-reinforced 

session itself (Extended Data Fig. 4). Choice behavior was first assessed after fixed ratio 

training (Fig. 1f). Silencing BLA→OFC projections during memory encoding with a 1.0 

mg kg−1 CNO dose disrupted subsequent choice behavior, such that mice did not favor 

the reinforced behavior (Fig. 1g). Meanwhile, control mice and mice administered a lower, 

behaviorally sub-threshold CNO dose (0.1 mg kg−1) preferred the action that had remained 

reinforced, thus displaying flexible choice behavior. Throughout, response patterns were 

stable during choice tests (Supplementary Fig. 2).

We then further trained mice using random interval schedules of reinforcement whereby 

some interval of time is inserted between reinforcer deliveries, during which reinforcement 

is not available. Interval schedules, with time, weaken the associative link between actions 

and outcomes19,20, causing animals to persist in a given behavioral sequence, even if it is 

not explicitly reinforced (Extended Data Fig. 5). Neither moderate interval training nor sub-

threshold inactivation of BLA→OFC projections alone were sufficient to disrupt memory 

encoding, but these manipulations exhibited an additive effect, such that mice experiencing 

both were then unable to flexibly deviate from established action strategies (Fig. 1h-j). 

This pattern suggests that the memories being encoded by BLA→OFC projections pertain 

to action–outcome associations—that is, that an action will (or will not) produce an 

outcome. Of course, another possibility is that mice assign the negative association from 

the unexpected absence of a food pellet reward directly onto the nose-poke action itself, 

thus circumventing the need to update the specific predictive relationship between action and 

outcome per se. However, the frequency of these unexpectedly non-reinforced actions did 

not predict subsequent choice behavior (Supplementary Fig. 3 and Extended Data Fig. 6), so 

we think that this possibility is unlikely.
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As a control, we confirmed that extended interval training occluded response flexibility 

in all mice, as would be expected with prolonged interval training (Fig. 1i-j). Notably, 

we also confirmed that neither CNO nor its metabolite clozapine affected choice behavior 

in the absence of chemogenetic receptor expression (Fig. 1k and Supplementary Fig. 4). 

Additionally, flexible choice behavior remained intact when BLA→OFC inactivation was 

delayed by 6 hours (Fig. 1l-o), indicating that new memory encoding occurs within a 

narrow time window after exposure to new task parameters. Altogether, these findings 

demonstrate that BLA→OFC projections are necessary for encoding new memories when 

familiar expectancies are violated.

We next examined whether BLA→OFC projections are necessary during choice epochs 

when mice must retrieve previously encoded memories to guide flexible action selection. 

Here, inactivating these projections did not alter choice behavior in any training condition 

(Fig. 1p-s). So, whereas the encoding of new reward-related memories requires BLA→OFC 

projections, the subsequent retrieval does not. Finally, we also confirmed that inactivation 

of BLA neuron terminals in the OFC via intracranial CNO infusion (Fig. 2a-d) disrupted 

flexible memory encoding (Fig. 2e,f), as with systemic CNO administration.

Bidirectional control of new action memory encoding

We next asked whether BLA→OFC projection activation can augment memory encoding. 

To do so, we interfered with flexible decision-making behavior using cocaine, exposure to 

which disrupts goal-seeking action strategies in mice and humans alike21-23. We expressed 

excitatory (Gq-coupled) chemogenetic receptors on BLA→OFC-projecting neurons in 

cocaine-exposed mice and then stimulated these projections with CNO administration 

during the memory-encoding period (Fig. 3a-d). Notably, prior cocaine exposure did not 

disrupt nose-poke responding during training (Fig. 3e) or pre-synaptic marker content 

in the OFC (Supplementary Fig. 5), suggesting that any disruptions in later response 

flexibility are unlikely attributable to gross deficits in the acquisition of instrumental 

learning or pre-synaptic inputs. As anticipated, prior cocaine disrupted the capacity of mice 

to modify response strategies when established expectancies change (Fig. 3f-h). BLA→OFC 

projection stimulation during memory encoding reinstated flexible expectancy updating in 

these mice (Fig. 3f,g). Thus, BLA→OFC projections appear to exert bidirectional control 

over memory encoding, such that silencing and stimulating these neurons respectively 

disrupts and enhances the formation of new memory necessary for later flexible action.

Surprisingly, BLA→OFC projection stimulation disrupted flexible choice in cocaine-naive 

mice (Fig. 3f-h). Specifically, response preference ratios revealed an interaction among 

training schedule, cocaine and BLA→OFC projection stimulation (Fig. 3i). Thus, the 

relationship between BLA→OFC neuron activity and expectancy updating appears to 

follow a non-linear, inverted-U-shaped relationship, with ‘too little’ or ‘too much’ activity 

hindering memory encoding, a shared motif across many prefrontal cortical functions24. 

Finally, the inability of BLA→OFC projection stimulation to generate flexible responding 

after extended interval training (Fig. 3h) suggests that the mechanisms underlying cocaine-

induced deficits in response flexibility are separable from those induced by extended 

experience with a behavioral routine—specifically, that cocaine might weaken networks 
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controlling new learning, which depend on BLA→OFC connections, whereas extended 

training might strengthen habit-promoting networks, which do not.

OFC→DMS projections facilitate memory encoding and retrieval

Given that BLA inputs to the OFC mediate memory encoding but are no longer required 

during retrieval, we next hypothesized that outputs from the OFC may access previously 

learned information to guide behavior during choice epochs. A major target of efferent 

OFC projections is the dorsomedial striatum (DMS)25, whose interactions with the OFC 

support the online arbitration between goals and habits26, thus raising the possibility that 

these projections may also access learned expectancies during choice epochs. We again 

used projection-selective chemogenetic inhibition strategies, but of OFC→DMS projections 

(Fig. 4a-d), and tested whether these projections were required for retrieving or encoding 

new memories. Here, silencing OFC→DMS projections during either encoding or retrieval 

periods (Fig. 4e) impaired flexible choice (Fig. 4f-h); these deficits were not attributable 

to repeated chemogenetic manipulation of the same mice (Extended Data Fig. 7). Thus, 

OFC→DMS projections are necessary for multiple learning and memory phases necessary 

for sustained response flexibility.

Another prominent target of OFC projections is the BLA27. For choice behaviors 

guided by Pavlovian associations, cue-related and reward-related activity within the BLA 

is dysregulated by OFC lesions28,29. However, we observed no effects of inhibiting 

OFC→BLA projections during either the encoding or retrieval of outcome expectancy 

memories here (Fig. 4i-k).

Neural ensembles in the OFC store a memory trace for new action learning

We found that new expectancy information appears to be first conveyed to, and later 

retrieved from, the OFC to sustain response flexibility. Thus, we further hypothesized 

that a stable representation of new information (that is, a memory trace) is stored within 

OFC neuronal ensembles, which is later accessed to guide flexible choice. To test this 

possibility, we used Fos2A-iCreER mice to manipulate OFC neurons that were activated 

during a precise temporal window via administration of 4-hydroxytamoxifen (4OHT; Fig. 

5a,b), which we used to drive inhibitory chemogenetic receptor expression among active 

OFC neuronal populations, with minimal 4OHT-independent expression (Fig. 5c-f). We 

administered 4OHT after a session when familiar expectations were violated, thus allowing 

selective chemogenetic manipulation of OFC neurons that were activated during new 

memory encoding (Fig. 5g). When these encoding-activated OFC neurons were silenced 

during a later choice test, the ability of mice to execute flexible choice was abolished (Fig. 

5h-j). This indicates that neuronal ensembles in the OFC indeed store a memory trace for 

new outcome expectancy information.

OFC neurons respond to a diverse array of potentially task-related variables2. We 

hypothesized that this memory trace is specifically tuned for novel task parameters—in 

this case, that a familiar behavior is no longer rewarded. Accordingly, we performed a 

parallel control experiment in which we administered 4OHT after a session when responding 

remained reinforced (Fig. 5k). Interestingly, we detected a significant amount of activity-
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dependent labeling in response to these familiar reinforcement conditions (Fig. 5f), but 

silencing these OFC neurons during subsequent choice tests had no effect (Fig. 5l-n). 

This suggests that, although these neurons might process certain features of the task 

environment, they are not necessary for shaping future action selection itself. Notably, 

the number of labeled OFC neurons in neither novel nor familiar conditions predicted 

choice subsequent behavior (Extended Data Fig. 8), suggesting that our findings reflect the 

functions of specifically recruited neuronal populations rather than a non-specific effect 

of OFC inactivation more generally. Thus, the allocation of neurons into a persistent 

memory trace necessary for future response flexibility is gated by novel, and not familiar, 

information, and it is the reactivation of this specific neuronal ensemble that is ultimately 

required to guide future choice.

New learning triggers spine plasticity on defined neurons

Of course, long-term storage of action variables by neural circuits can occur only if new 

experiences trigger lasting cellular changes that allow prior learning to be later accessed. 

Thus, we sought to uncover neuronal plasticity-related mechanisms that may durably sustain 

cohesive network function across time in support of flexible decision-making. Accordingly, 

we examined the density and structure of dendritic spines, the principal sites of excitatory 

neurotransmission and plasticity in the brain30 on deep-layer principal excitatory neurons 

in the OFC, which both send and receive the bulk of long-range cortical projections31. 

To visualize OFC neurons that specifically link BLA→OFC to OFC→DMS circuits, 

we developed a combinatorial viral-mediated method for trans-synaptic anterograde relay 

mapping (ARM) by infusing an anterograde trans-synaptically transduced Cre-recombinase 

in the BLA, alongside a retrogradely transported Cre-dependent fluorescent reporter in the 

DMS (Fig. 6a), thus labeling monosynaptic ‘relay’ neurons in the OFC that both receive 

input from the BLA and send direct outputs to the DMS (Fig. 6b). We performed ARM 

in Thy1-YFP mice, thus enabling high-fidelity reconstruction of three-dimensional dendritic 

spine morphologies specifically among this population of connectivity-defined OFC neurons 

(Fig. 6b-d and Extended Data Fig. 9).

We compared mice that underwent instrumental response training to mice that received food 

pellets at a rate yoked to that of a trained cage mate, independent of nose-poke actions 

(Fig. 6e). Thus, mice had identical experiences, but one group lacked the opportunity for 

instrumental reward-related learning and memory (Fig. 6f). We found that instrumental 

learning was associated with overall dendritic spine pruning on BLA→OFC→DMS relay 

neurons (Fig. 6g). Stratification of spines by morphological subtype revealed that this 

effect was driven by selective reduction of thin-shaped spines (Fig. 6h-j), resulting in an 

enhanced proportion of mushroom-shaped spines (Fig. 6k), which contain more mature, 

stable synaptic connections, over thin-shaped spines, which are more labile and functionally 

variable30. Among mushroom-shaped spines, instrumental learning also triggered spine 

head enlargement (Fig. 6l), an anatomical substrate for synaptic potentiation necessary 

for memory formation32,33. Learning-induced enhancements in both the size and relative 

proportion of mushroom-shaped spines on BLA→OFC→DMS relay neurons is consistent 

with augmented signal-to-noise processing, potentially priming OFC→DMS projections for 

reactivation during memory retrieval.
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We hypothesized that mice that are not capable of flexible expectancy updating will not 

display the same pattern of dendritic spine plasticity. To that end, we next visualized 

BLA→OFC→DMS relay neurons in cocaine-exposed mice, which could not update their 

behavioral response strategies after novel reinforcement conditions (Fig. 6f). We found 

that cocaine exposure caused a general loss of dendritic spines, principally driven by 

decreased mushroom-shaped spine densities (Fig. 6g,h). Notably, cocaine attenuated the 

learning-induced patterns of dendritic spine plasticity observed in typical mice, by blunting 

thin spine elimination (Fig. 6i), preventing enhancement of mushroom spine proportions 

(Fig. 6k) and mushroom spine head enlargement (Fig. 6l). Thus, cocaine disrupted learning-

induced dendritic spine plasticity, such that OFC neurons of cocaine-exposed mice grossly 

resembled those from mice that entirely lacked instrumental learning. Furthermore, dendritic 

spine densities and morphological parameters robustly predicted individual choice behavior 

across cocaine-exposed and naive animals (Fig. 6m,n and Extended Data Fig. 10). Thus, 

we posit that new learning triggers OFC neurons to prioritize mature, mushroom-shaped 

spines, increasing their size and relative proportions, to provide a cellular substrate for 

flexible expectancy updating in support of sustained flexible action, and that the disruption 

of typical learning-related dendritic spine plasticity may contribute to the emergence of 

cocaine-induced behavioral sequelae.

Neurotrophin tone in defined circuits supports new learning

Our findings suggest that processes canonically associated with synaptic and dendritic spine 

plasticity should be necessary within the OFC for mice to update expectancies for sustained 

response flexibility. Thus, we tested whether brain-derived neurotrophic factor (BDNF), a 

potent and ubiquitously expressed facilitator of synaptic and dendritic spine plasticity34, 

may be essential for BLA→OFC→DMS circuit function. Specifically, we paired unilateral 

Bdnf knockdown in the OFC with unilateral chemogenetic inhibition of the ipsilateral or 

contralateral BLA or DMS during memory encoding (Fig. 7a). Notably, BLA–OFC and 

OFC–DMS projections are overwhelmingly ipsilateral16,27. Thus, mice with contralateral 

infusions will have one hemisphere in which a functionally intact BLA or DMS interacts 

with a Bdnf-deficient OFC and another hemisphere in which a typical OFC interacts with 

a chemogenetically silenced BLA or DMS. If the mechanism by which BLA–OFC or OFC–

DMS connections support the memory-encoding process depends on BDNF tone in the 

OFC, then (1) mice with contralateral infusions will display impaired expectancy updating, 

whereas (2) mice with ipsilateral infusions will retain the capacity for flexible choice, as 

these mice still possess one hemisphere in which a functionally intact BLA or DMS interacts 

with a typical Bdnf-expressing OFC.

We first tested whether BLA–OFC interactions during memory encoding are BDNF 

dependent (Fig. 7b). Here, mice with contralateral, but not ipsilateral or control, infusions 

displayed inflexible choice behavior (Fig. 7c,d), indicating that the mechanism by which 

BLA–OFC interactions support memory encoding is dependent on BDNF in the OFC. We 

next tested whether OFC–DMS interactions are BDNF dependent (Fig. 7e). Again, only 

mice with contralateral infusions were inflexible (Fig. 7f,g), demonstrating that the function 

of OFC–DMS connections in supporting memory encoding is also BDNF dependent. Given 

that (1) BLA→OFC, but not OFC→BLA, projections are involved in memory encoding 
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(Fig. 1), and (2) OFC–DMS connections are unidirectional (that is, OFC→DMS)25, our 

findings suggest that circuit-specific neurotrophin signaling in the OFC is required for 

adaptive expectancy updating, likely by sustaining plasticity within a BLA→OFC→DMS 

circuit.

Discussion

In this study, we identified an extended amygdalo-fronto-striatal circuit that controls 

separable features of reward-related learning and memory necessary to sustain response 

flexibility, thus enabling adaptive decision-making. BLA→OFC projections mediate the 

encoding of new memories when familiar, previously rewarded behaviors are unexpectedly 

not reinforced. Then, during future choice epochs, OFC→DMS projections facilitate the 

retrieval of those memories, to prioritize actions that remained likely to be reinforced. Thus, 

learned expectancy information is transmitted in a directionally defined manner across a 

discrete BLA→OFC→DMS circuit, which functions across time to enable flexible choice. 

Expectancy updating triggers dendritic spine plasticity on excitatory OFC neurons that 

serves as monosynaptic relays within this circuit and requires circuit-specific neurotrophin 

signaling. These neural circuit and cellular plasticity mechanisms likely coordinate the 

formation and persistence of a memory trace for learned expectancy information, which we 

demonstrate is stably represented by novelty-gated, encoding-activated neuronal ensembles 

in the OFC, and whose reactivation is necessary for subsequent memory retrieval. The 

OFC, therefore, serves as the critical locus within this distributed amygdalo-fronto-striatal 

network, providing the temporal link between memory encoding and retrieval, thereby 

bridging the initial learning of new information with its future application.

The OFC performs multiple cognitive functions in support of reward-seeking behavior, 

from processing outcome-predictive cues17,18, to tracking reward value15,35,36, to facilitating 

causal attribution37,38. A common feature that emerges across various learning modalities 

points to the OFC as being especially important for flexibly integrating novel or unexpected 

information into established behavioral strategies4-6. For example, the OFC is necessary 

for accessing outcome value information to guide choice but only after shifts in familiar 

instrumental contingencies and not in situations when those contingencies remained 

stable5. Thus, OFC networks appear to be recruited in the service of action updating, 

as opposed to initial learning39,40, which relies on the flexible modulation of existing 

behavioral strategies. In our task, mice were first trained to generate two actions for food 

reward, conditions that remained stable across many sessions and produced non-preferential 

performance of either action. Then, the likelihood that one action would be rewarded was 

unexpectedly changed, a situation that typically modulates future choice, such that mice 

later favor the more consistently rewarded behavior. We demonstrate that BLA→OFC and 

OFC→DMS projections are required for encoding new memories, which are later retrieved 

via OFC→DMS connections for response strategy updating.

The OFC’s capacity to use new learning to modify established behavioral strategies may be 

due to its ability to construct cognitive maps of task space3,7,8—schematic representations 

of the associative and causal structures formed by specific task demands10. The OFC 

is capable of forming and maintaining long-term memories for many different types of 
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associations14,15,41,42 but likely prioritizes those variables most relevant to obtaining a 

given desired outcome9. Consistent with this notion, we found that experiencing novel task 

conditions—that is, that a familiar behavior was unexpectedly not reinforced—triggered 

a greater degree of OFC neuronal activation than did familiar conditions. And notably, 

only suppression of novelty-activated, but not familiarity-activated, neurons obstructed later 

choice adaptation, indicating that only certain OFC neurons are allocated toward a memory 

trace for new learning, which are ultimately necessary for guiding future choices. Thus, 

this memory trace is likely both (1) sparsely encoded within the OFC, meaning reactivation 

of only a relatively small number of cells is necessary for memory retrieval, consistent 

with prior observations for other cortical memory systems43,44, and (2) selectively recruited 

based, at least in part, on the novelty of the actions variables within the task environment.

We demonstrate that BLA→OFC projections are required for the formation of these OFC-

dependent memories. One possibility is that these afferent projections transmit information 

regarding action–outcome links, consistent with the role of BLA→OFC projections in 

processing positive outcome-related information during reinforcement learning13. They may 

also conceivably converge with other inputs, such as those from the hippocampus, which 

are required for contingency memory updating and training state representations in the 

OFC45,46. In this case, BLA→OFC inputs might organize multiplexed input signals by 

biasing the allocation of certain OFC neurons into a memory trace. The BLA also supports 

memory consolidation by broadcasting salience signals that modulate attentional bias and 

facilitate information prioritization47, which is also a prominent means by which decision 

variables are allocated into task space representations48,49.

We also aimed to determine whether stimulation of BLA→OFC projections could enhance 

memory encoding in situations where response flexibility is weakened. Accordingly, we 

examined the effect of cocaine, not only because cocaine reliably disrupts OFC-dependent 

behaviors in mice but also because inflexible decision-making is a hallmark deficit among 

patients with cocaine use disorder21-23. Among the effects of cocaine on excitatory OFC 

neurons is the loss of dendritic spines, the primary sites of excitatory plasticity in the 

brain30, distinguishing these neurons from those in other brain regions that, instead, undergo 

spinogensis50,51. Loss of dendritic spine densities would alter the ability of OFC neurons 

to receive and process synaptic inputs, but, of course, cocaine does not eliminate all 

dendritic spines, and we found that stimulating BLA→OFC connections restored response 

flexibility after cocaine, potentially reflecting a generalizable attention-biasing mechanism 

that augments the strength of new memories52,53.

Given that afferent BLA→OFC projections bidirectionally control the encoding of new 

outcome-expectancy memories but become dispensable during future choice, and that 

OFC ensembles are a key locus for stable representation and later retrieval of newly 

learned reinforcement information, we next identified an efferent OFC→DMS pathway 

that facilitates memory retrieval during choice epochs. Our findings raise questions about 

how OFC→DMS outputs translate OFC-dependent task representations into adaptive 

action selection during memory retrieval. OFC-dependent cognitive maps are crucial 

for performing tasks in which animals must inferentially apply knowledge to guide 

behavior54-56—that is, when optimal action selection cannot be determined based solely 
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on observable features of the task environment. Although the striatum is capable of 

independently accessing task state information to guide choice, these representations are 

bound to observable stimuli, and, as such, the striatum’s ability to infer non-observable 

or partially observable task states requires OFC input57. Notably, because choice tests in 

our task are performed in extinction (that is, without reinforcer delivery), action selection 

is effectively unbound from observable outcomes. Thus, our finding that OFC→DMS 

projections are indispensable for memory retrieval may reflect a role for these projections in 

linking previously encoded learning with current task demands to guide action selection.

Long-term storage of action variables by neural circuits likely requires lasting structural 

changes that allow prior learning to be later accessed. Accordingly, we found that new 

learning required neurotrophin tone and was associated with dendritic spine plasticity on 

excitatory OFC neurons, specifically within a BLA→OFC→DMS circuit. In particular, 

new learning reduced thin-shaped spine densities, enhancing the relative proportion of 

mushroom-shaped spines, which contain more mature, stable synaptic connections30. 

Among mushroom-shaped spines, new learning also triggered spine head enlargement, 

which serves as an anatomical substrate for synaptic potentiation33 and appears necessary 

for the stability of long-term memories32,58. Learning-induced enhancements in both the 

size and relative proportion of mushroom-shaped spines on OFC neurons receiving input 

from the BLA and projecting to the DMS is consistent with augmented signal-to-noise 

processing, potentially resulting in the prioritization or priming of OFC→DMS projection 

reactivation during memory retrieval.

Altogether, we delineated specific OFC connections that control distinct phases of learning 

and memory that support expectancy updating—from the encoding of new information 

when expectations are violated to the retrieval of these newly formed memories—and 

we have shown that OFC neurons form stable memory ensembles. These processes are 

accompanied by dendritic spine plasticity on neurons defined by both afferent and efferent 

connections. Finally, we also discovered that cocaine causes dendritic spine loss on these 

OFC relay neurons and that it obstructs the typical pattern of learning-induced plasticity. 

Thus, a key question is whether neuron structural dynamics specifically among connectivity-

defined populations of dendritic spines in the OFC are causally linked with reward-seeking 

behavior. This possibility seems likely given that pharmacological interventions that restore 

response flexibility after cocaine require dendritic spine plasticity in the OFC23. Currently, 

bioengineered actin cytoskeletal modulators can be leveraged to allow for optical control of 

spine dynamics in genetically defined neuronal populations59. As technologies such as these 

are further refined to enable experimental manipulation of neuronal structural dynamics at 

single-spine resolution in vivo—that is, to selectively target spines that receive pre-synaptic 

inputs from defined projections, such as from the BLA, while sparring those that do not—it 

may become feasible to causally link connectivity-defined dendritic spine plasticity with 

behavioral outcomes, thus closing the gap between the mesoscale identification of unitary 

circuits that underlie specific behaviors and the cellular and molecular mechanisms that 

govern the assembly, coordination and potential dysfunction among coherent brain networks 

over time.
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Methods

Animals

Mice were bred from Jackson Laboratory stock. (1) Unless noted, experiments used 

C57BL/6J mice (no. 000664). (2) Dendritic spine imaging was performed using B6.Cg-

Tg(Thy1-YFP)HJrs/J mice (no. 003782)60, back-crossed onto a C57BL/6 background. 

(3) Memory trace experiments were performed using Fostm2.1(iCre/ERT2)Luo/J mice 

(Fos2A-iCreER; no. 030323)43. (4) BDNF-dependent functional disconnection experiments 

used Bdnftm3Jae/J mice (Bdnf-flox; no. 004339)61. Male mice were used throughout this 

study, except in memory trace experiments in which male and female Fos2A-iCreER mice 

were evenly distributed for each group, with no effects of sex detected.

Mice were group-housed on a 12-hour light cycle and provided food and water ad 

libitum before testing, with temperature and humidity ranges of 17.8–26.1 °C and 30–

70%. Throughout instrumental conditioning, mice were food-restricted until body weights 

were reduced to 90–93% of baseline to motivate food-reinforced responding. For all food-

reinforced experiments, instrumental training began between postnatal day 60 (P60) and 

P70. Procedures were performed in accordance with National Institutes of Health Guidelines 

for the Care and Use of Laboratory Animals and approved by the Emory University 

Institutional Animal Care and Use Committee.

Instrumental response training

Behavioral testing was conducted using operant conditioning chambers equipped with two 

distinct nose-poke apertures (left versus right), with a separate magazine for food pellet 

delivery (Med Associates). For all experiments, each mouse performed all tasks in the 

same chamber. Mice were trained to nose-poke for delivery of a 20-mg grain pellet food 

reinforcer (Bio-Serv). Initial training proceeded under a fixed ratio 1 (FR1) schedule of 

reinforcement whereby each response resulted in a single reinforcer. Mice underwent daily 

training sessions, which lasted either 70 minutes or until mice earned 30 reinforcers from 

responding on each of the two apertures (60 total reinforced responses), whichever occurred 

first. Mice required between five and seven training sessions to acquire 60 pellets within one 

session, at which point response training was considered completed.

For experiments with multiple training conditions, we used 30-second and 60-second 

random interval (RI30 and RI60) schedules of reinforcement. During RI training sessions, 

each time a nose-poke response resulted in reinforcer delivery, that aperture would become 

inactive for a random interval of time (30 or 60 seconds on average throughout the session), 

during which time nose-poke responses on that aperture produced no effect. These sessions 

also ended at either 70 minutes or until 60 reinforcers were earned, whichever occurred 

first. Mice underwent a predetermined number of RI sessions based on experimental 

requirements.

Test for response flexibility

After response training, we assessed the capacity of mice to modify response strategies 

based on reinforcer likelihood. This procedure consisted of two 25-minute sessions 
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occurring on consecutive days. On the first day, one nose-poke aperture was occluded, 

while responding on the other, available aperture remained reinforced. On the second 

day, the opposite aperture was occluded, but responding on the available aperture was no 

longer reinforced. Instead, pellets were delivered into the magazine at a rate equal to what 

each mouse experienced during the previous day’s reinforced session, independent of nose-

poking responses. Thus, for one aperture, the association between nose-poking and pellet 

delivery was maintained, whereas, for the other aperture, that expectation was violated. 

Which aperture (left versus right) was designated to be reinforced versus non-reinforced was 

counterbalanced within and between groups.

Mice were returned to the same chambers on a third day for a 15-minute choice test 

when both apertures were once again available, and we recorded nose-poke responses on 

either aperture. For experiments when mice underwent multiple choice tests after different 

reinforcement schedules, the assignment of which aperture was to be reinforced versus 

non-reinforced was reversed for each round of testing so that mice could not use information 

from prior tests to inform their subsequent response strategies.

During non-reinforced sessions, some pellet deliveries occurred by chance simultaneously 

with, or shortly after, a nose-poke response. These pellet deliveries could, therefore, appear 

to be a result of the preceding nose-poke. We defined these ‘apparently’ reinforced nose-

pokes as those followed within 5 seconds by pellet delivery. We then computed the standard 

contingency measure (ΔP) to index the net apparent reinforcement probability for each 

non-reinforced session:

ΔP = P (R ∣ NP) − − P (R ∣ ∼ NP)

where ΔP  is defined as the difference between the conditional probability of receiving a 

food pellet reward (R) given a nose-poke (NP) action and the conditional probability of 

receiving a food pellet in the absence of a nose-poke action62,63.

Instrumental omission

Omission experiments were conducted using the same equipment and parameters as above, 

except that only one nose-poke aperture was available. After response training using an 

FR1 schedule of reinforcement, mice underwent a 30-minute omission procedure described 

previously64. Here, a pellet was delivered every 20 seconds, but each nose-poke response 

reset the counter and delayed reinforcer delivery. Thus, mice must inhibit a behavior to be 

reinforced. If nose-poking behavior is governed by action–outcome relationships, mice will 

refrain from nose-poking64. As a replication, mice were then re-trained to press a previously 

recessed lever, again using an FR1 schedule of reinforcement. These mice then underwent 

the same omission procedure as above.

Projection-selective chemogenetic manipulations

Intracranial surgeries were performed 2 weeks before training to allow for expression of 

viral vectors. Mice were anesthetized with ketamine (80 mg kg−1) and dexmedetomidine 

(0.5 mg kg−1) and placed in a digitized stereotaxic frame (Stoelting). Surgeries were 
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performed under aseptic conditions. A mid-sagittal incision exposed the skull, and a 

craniotomy was performed to allow for intracranial viral vector infusion. Infusion volumes 

and coordinates relative to bregma were: OFC (0.5 μ per hemisphere; ML: ±1.40 mm, 

AP: +2.50 mm, DV: −2.80 mm), BLA (0.25 μl per hemisphere; ML: ±3.00 mm, AP: 

−1.50 mm, DV: −4.90 mm) and DMS (0.5 μl per hemisphere; ML: ±1.50 mm, AP: +0.50 

mm, DV: −3.00 mm). Viruses were infused over 5 minutes using a microliter syringe 

(Hamilton), left in place for an additional 10 minutes before retraction to restrict off-target 

viral vector spread. To achieve projection-selective chemogenetic receptor expression, 

a retrogradely transported Cre-recombinase construct (AAVrg-hSyn-HI-eGFP-Cre-WPRE-

SV40; Addgene, 105540; deposited by James Wilson) was infused into the projection 

target region alongside an anterogradely transported Cre-dependent chemogenetic receptor 

construct in the projection source region (AAV5-hSyn-DIO-hM4D(Gi)-mCherry; Addgene, 

44362, and AAV5-hSyn-DIO-hM3D(Gq)-mCherry; Addgene, 44361, both deposited by 

Bryan Roth)65. After testing, mice were euthanized, and brains were fixed and prepared 

as described below. Green fluorescent protein (GFP) or mCherry expression was examined 

to determine the extent of Cre and hM4D(Gi) or hM3D(Gq) expression, respectively.

The chemogenetic receptor ligand CNO (0.1 mg kg−1 or 1.0 mg kg−1 in 2% DMSO and 

saline; RTI International) was administered intraperitoneally (i.p.) in a volume of 1 ml 

per 100 g immediately after the non-reinforced session (encoding), 6 hours after the non-

reinforced session (delayed) or 30 minutes before a choice test (retrieval). For experiments 

when mice underwent multiple choice tests, mice received the same CNO or vehicle dose 

throughout the entire experiment. We also examined potential off-target effects of both CNO 

(1.0 mg kg−1) and its metabolite, clozapine (0.1 mg kg−1 in 2% DMSO; RTI International), 

on our behavioral measures in the absence of chemogenetic receptor expression due to 

concerns regarding CNO back-metabolism to clozapine66.

Chemogenetic projection terminal inactivation

A constitutively expressed, inhibitory chemogenetic receptor (AAV5-CamKIIα-hM4Di-

mCherry; Addgene, 50477, deposited by Bryan Roth) or control construct (AAV5-CamKIIα 
-mCherry; Addgene, 114469, deposited by Karl Deisseroth) was infused in the BLA 

bilaterally (0.25 μl per hemisphere; ML: ±3.00 mm, AP: −1.50 mm, DV: −4.90 mm) 

before behavioral testing. After instrumental response training, bilateral guide cannula (P1 

Technologies) targeting the OFC were implanted (ML: ±1.35 mm, AP: +2.50 mm, DV: 

−2.25 mm). Mice were individually housed after surgery and underwent additional response 

training to habituate them to nose-poking with the cannula in place. Response flexibility was 

tested as described above except that, immediately after the non-reinforced session, mice 

were lightly anesthetized with isoflurane, and internal cannula were lowered (DV: −2.75 

mm). CNO was infused bilaterally over a 5-minute period (300 nl; 300 μM in 2% DMSO 

and saline), with mice free-roaming in their home cage.

Histology

Mice were anesthetized with ketamine (100 mg kg−1) and xylazine (10 mg kg−1) and trans-

cardially perfused with ice-cold PBS and 4% paraformaldehyde (PFA). Brains completed 

fixation in 4% PFA over 48 hours and were then transferred to 30% w/v sucrose. Fixed 

Li et al. Page 13

Nat Neurosci. Author manuscript; available in PMC 2023 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



brains were sectioned into 50-μm coronal sections using a freezing microtome. Brain 

sections were visualized using a Leica DM5500 microscope (Leica Microsystems), and 

images were collected using a spinning disk confocal microscope (VisiTech International) 

by a blinded investigator.

For experiments using projection-specific chemogenetic manipulations, we confirmed 

viral vector expression in the infused brain regions. Notably, BLA output neurons that 

project to various brain regions show sparse collateralization and largely represent non-

overlapping cell populations67. However, OFC projection neurons do commonly exhibit 

axonal collateralization68,69. Thus, we also examined other brain regions involved in reward-

related learning and memory and that might be expected to receive OFC axon collaterals, 

including the medial prefrontal cortex, nucleus accumbens, hippocampus, pallidum, ventral 

tegmental area and hypothalamus. We did not detect viral-mediated fluorescence in these 

regions, suggesting that axon collateral density is quite low relative to the robust expression 

observed in targeted, infused brain regions.

Cocaine administration

Cocaine (10 mg kg−1 in saline; Sigma-Aldrich) was administered i.p. daily from P31 to P35 

in a volume of 1 ml per 100 g.

Protein quantification

Mice were anesthetized with isoflurane and rapidly decapitated. Brains were immediately 

extracted, flash-frozen and stored at −80 °C. Frozen brains were sectioned into 1-mm 

coronal slices and dissected using a 1-mm tissue core. Tissue was homogenized and 

protein concentrations were determined using a Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific). Then, 15 μg of total protein for each sample was separated by SDS-

PAGE on 4–20% gradient Tris-glycine gels (Bio-Rad). Protein was transferred to a PVDF 

membrane (Bio-Rad), blocked with 5% non-fat dry milk and incubated overnight at 4 

°C in the following primary antibodies: rabbit anti-synaptophysin (1:10,000, Abcam) and 

rabbit anti-HSP-70 (1:1,000, Cell Signaling Technology). Membranes were incubated in 

horseradish peroxidase–conjugated goat anti-rabbit secondary antibody (1:10,000, Vector 

Laboratories) for 1 hour at room temperature. Immunoreactivity was assessed using 

Pierce ECL chemiluminescence substrate (Thermo Fisher Scientific) and measured using 

a ChemiDoc XRS+ Imaging System (Bio-Rad). Densitometry values were analyzed using 

Image Lab Software (Bio-Rad, version 5.0) and were normalized to each sample’s respective 

loading control (HSP-70). All samples were processed and quantified in triplicate by 

experimenters blinded to group. Protein levels were expressed as a fold change compared to 

control samples from each membrane replicate.

Memory trace inactivation

Fos2A-iCreER mice underwent intracranial surgeries to bilaterally infuse a Cre-dependent 

inhibitory chemogenetic construct (AAV5-hSyn-DIO-hM4D(Gi)-mCherry) into the OFC, as 

described above. Mice were singly housed in a dark, quiet environment for 1 hour before 

each training and test session and placed back in the same cage for another hour once the 

session was completed, before eventually being returned to their respective home cages. For 
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the final 2–3 training sessions before the non-reinforced session, mice were given i.p. saline 

injections immediately after the conclusion of each training session to habituate mice to 

potential i.p. injection stress. Together, these measures were implemented to limit extraneous 

neuronal activation in the OFC unrelated to processing outcome expectancies and task 

variables.

4OHT (40 mg kg−1 in 2% Tween 80, 5% DMSO and saline; Sigma-Aldrich) was 

administered i.p. in a volume of 2 ml per 100 g immediately after either the reinforced or 

non-reinforced session, thus inducing permanent recombination of Cre-dependent constructs 

by triggering nuclear localization of iCre-ERT2, whose expression is driven by activity-

dependent Fos promoter and enhancer elements. Mice were then left undisturbed in their 

home cages for 1 week to allow for expression of the newly recombined construct. Finally, 

CNO (1.0 mg kg−1, i.p.) was administered 30 minutes before a choice test.

After testing, mice were euthanized, and brains were fixed and prepared as described 

in the ‘Dendritic spine imaging and reconstruction’ section below. mCherry-expressing 

OFC neurons were imaged to quantify the number of activity-dependently labeled cells. A 

600-μm2 (676 μm × 887 μm) region of interest (ROI) was imaged with a ×10 objective. 

For each animal, three ROIs were analyzed from coronal sections corresponding to the 

AP coordinates of viral infusions (+2.50 mm from bregma), which were determined based 

on anatomical features, per reference mouse brain atlas70. For each coronal section, an 

ROI was imaged from the center of fluorescence expression within the ventrolateral OFC. 

Cell counting was performed using Fiji image analysis software version 2.1.0 (ref. 71). 

Background subtraction and binary thresholding was applied to enhance contrast between 

fluorescence signal arising from neuronal cell bodies versus neurites or imaging artifacts. 

An average cell density was computed for each animal across three sampled ROIs, and 

statistical analysis was performed on a per-animal basis. Investigators were blinded for all 

cell-counting analyses.

Trans-synaptic ARM

To selectively label OFC neurons that both receive projections from the BLA and 

send projections to the DMS, we infused an anterograde trans-synaptically transduced72 

Cre-recombinase construct in the BLA (AAV1-hSyn-Cre-WPRE-hGH; Addgene, 105553; 

deposited by James Wilson) alongside a retrogradely transported Cre-dependent fluorophore 

in the DMS (AAVrg-hSyn-DIO-mCherry; Addgene; deposited by Bryan Roth). Thus, only 

neurons transduced with the Cre-recombinase from pre-synaptic terminals originating in 

the BLA and the Cre-dependent fluorophore from its own projections to the DMS will 

express the mCherry reporter. Notably, the AAV1 serotype exhibits retrograde transport 

and, thus, will also transduce top-down OFC→BLA projections72. However, this ‘off-target’ 

expression is eliminated here by limiting recombinase expression to OFC neurons projecting 

to a downstream target (that is, OFC→DMS).

We tested the effect of instrumental conditioning on dendritic spine density and morphology 

on connectivity-defined OFC neurons. Accordingly, after surgery, pairs of cage mates were 

randomly assigned to undergo either training as above or an identical series of sessions, 

except that pellets were delivered into the chambers at a rate yoked to each mouse’s paired 
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cage mate, independent of nose-poking responses. Yoked mice were food-restricted to the 

same degree and placed in behavioral chambers daily for the same duration as their cage 

mate pairs. Thus, paired mice had identical experiences during all phases of testing, except 

that one mouse lacked the opportunity for new instrumental learning.

Dendritic spine imaging and reconstruction

Brains were extracted, sectioned and prepared for confocal microscopy as above. Basal 

dendritic segments located 50–150 μm from the soma on deep-layer, YFP-expressing OFC 

neurons were identified, and Z-stack series containing dendritic segments were collected 

using a ×100 1.4 NA oil-immersion objective and a 0.1-μm step size. Three-dimensional 

reconstructions of dendritic spine morphologies were performed using the FilamentTracer 

module in Imaris software (Oxford Instruments, version 8). Dendritic spines along an 

approximately 20-μm dendritic segment were identified using a semi-automated auto-depth 

function. Morphological classification of dendritic spines was performed using established 

parameters for pyramidal prefrontal cortex neurons73. For spines with a head:neck diameter 

ratio ≥1.1, those with head diameter ≥0.4 μm were classified as mushroom-type or otherwise 

considered thin-type. For spines with a head:neck diameter ratio <1.1, those with a spine 

length:neck diameter ratio ≥2.5 were also classified as thin-type or otherwise considered 

stubby-type. One dendrite was analyzed per cell, and six dendrites were analyzed per animal 

by a blinded rater.

Molecular–functional circuit disconnection

Bdnf-floxed mice underwent intracranial surgeries and received a unilateral infusion of 

a lentiviral construct expressing either Cre-recombinase or a GFP control (LV-CMV-Cre, 

LV-CMV-gFP; Emory University Viral Vector Core) in the OFC and a unilateral infusion 

of an inhibitory chemogenetic receptor construct (AAV5-CaMKIIα-hM4D(Gi)-mCherry; 

Addgene, 504777; deposited by Bryan Roth) in either the ipsilateral or contralateral 

BLA or DMS. The infusion sides (left versus right hemisphere) were randomly assigned. 

Mice underwent behavioral testing as above and administered CNO (1.0 mg kg−1, i.p.) 

immediately after the non-reinforced session, thus assessing whether OFC BDNF is 

necessary for the function of BLA–OFC or OFC–DMS connections during memory 

encoding.

After behavioral testing, expression of the chemogenetic construct in the BLA or DMS, or of 

the control virus in the OFC, was confirmed by examining fluorescence from the mCherry 

or GFP reporters, respectively, by a blinded investigator. Expression of the Cre-recombinase 

constructs in the OFC were confirmed using immunohistochemistry. Free-floating brain 

sections, prepared as above, were washed three times for 5 minutes each in PBS and 

then blocked in a 0.01% Triton X-100 and 5% normal goat serum (NGS) solution for 

1 hour at room temperature. Tissues were then incubated in primary antibody against 

Cre-recombinase (Cell Signaling Technology, 5036; 1:1,000 in 0.1% Triton X-100 and 1% 

NGS) overnight at 4 °C. Tissues were washed three times for 10 minutes each in PBS 

and then incubated in a fluorescence-conjugated (Alexa Fluor 488 goat anti-rabbit; Jackson 

ImmunoResearch, 111-545-144) secondary antibody (1:500 in 0.1% Triton X-100 and 1% 

NGS) for 2.5 hours at room temperature.
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Statistical analysis

Statistical analysis was performed using SPSS software version 27 (IBM), with α < 

0.05. For behavioral experiments, response rates were compared using ANOVA. Several 

factors were analyzed as repeating measures, including session number during instrumental 

response training and reinforcement condition (that is, reinforced versus non-reinforced) 

during choice tests. Post hoc comparisons were performed after significant interaction 

effects or main effects distinguishing >2 conditions. For all image quantification data, each 

animal contributed one value for analysis.

For dendritic spine analysis, we accounted for hierarchical data structure (six animals per 

group, six dendrites per animal) using linear mixed model (LMM) analysis. To assess 

whether each individual dendrite measurement (n = 144) could be treated as independent 

measurements, or if adjustment for clustering within mice was needed, we computed intra-

class correlation coefficients (ICCs) for each experimental group using random-intercept 

mixed models for each mouse. Across the board, ICC values indicated the need to adjust for 

subject-wise clustering. Accordingly, we then performed a two-factor (cocaine × training) 

LMM with an interaction term to test for differences in each dendritic spine variable 

across both factors. Thus, this approach enables the analysis of all individual dendrite 

measurements but avoids oversampling by accounting for correlated error due to subject-

wise (that is, per-mouse) clustering. Post hoc analysis after interaction effects was performed 

in the same way as a one-factor LMM for pair-wise comparisons.

Sample sizes were calculated based on power analyses using data from prior, similar 

experiments. Data were not subject to exclusion except in cases of viral vector 

misplacement. Data distribution was assumed to be normal, but this was not uniformly 

tested. All experiments were replicated at least once. Mice were randomized to groups. 

Comparisons were two-tailed throughout, except for the use of one-tailed t-tests in 

Supplementary Fig. 5.
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Extended Data

Extended Data Fig. 1 ∣. Mice do not display preference for one nose-poke aperture during 
training.
Response side bias (responses on aperture to be non-reinforced / total responses) during 

training sessions. (a) BLA→OFC inactivation: memory encoding (session: F14,378 = 1.22, 

0.256; session × CNO: F28,378 < 1), (b) delayed memory encoding (session: F10,80 = 3.18, 

p = 0.002; session × CNO: F10,80 < 1), or (c) memory retrieval (session: F8,128 = 4.86, p < 

0.001; session × CNO: F8,128 < 1). (d) BLA→OFC stimulation (session: F14,392 < 1; session 

× cocaine: F14,392 < 1; session × CNO: F14,392 = 1.30, p = 0.205; session × cocaine × CNO: 

F14,392 < 1). (e) OFC→DMS inactivation (session: F8,144 = 1.05, p = 0.404; session× CNO: 

F8,144 = 1.21, p = 0.295). (f) OFC→BLA inactivation (session: F8,112 = 1.04, p = 0.205; 

session × CNO: F8,112 < 1). (g) OFC memory trace inactivation: novel (session: F6,96 = 

1.03, p = 0.414; session × 4OHT: F6,96 = 1.73, p = 0.122) or (h) familiar reinforcement 

conditions (session: F6,108 < 1; session × 4OHT: F6,108 < 1). (i) BDNF-dependent circuit 

function: BLA-OFC (session: F6,204 = 1.10 p = 0.365; session × lateralization: F12,204 < 1) 
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or (j) OFC-DMS disconnections (session: F6,138 = 1.44, p = 0.204; session × lateralization: 

F12,138 < 1). Data presented as individual points (semi-transparent) and group means (solid). 

Correspondence to main figures noted.

Extended Data Fig. 2 ∣. Nose-poking and lever-pressing actions are instrumental in nature.
(a,e) Behavioral procedure used to assess sensitivity to instrumental omission for nose-

poking or lever-pressing. (b, c) Nose-poke responses across training (F6,42 = 10.1, p < 

0.001) and during omission session (F5,35 = 16.9, p < 0.001). (d) Raster plot of nose-poking 

responses for each animal throughout the omission session. (f, g) Lever-pressing across 

training (F3,21 = 29.1, p < 0.001) and during omission session (F5,35 = 35.0, p < 0.001). 

(h) Raster plot of lever-pressing responses for each animal throughout the omission session. 

Data presented as individual points (semi-transparent) and group means (solid). Repeating 

measures ANOVA was applied, 2-sided, with no adjustment for multiple comparisons 

required.

Extended Data Fig. 3 ∣. Inactivation of posterolateral OFC does not disrupt flexible memory 
encoding.
(a) Left. Chemogenetic receptor expression in the anterior ventrolateral OFC from 

experiments described in Figs.1-3 of main text. Right. Extent of inhibitory chemogenetic 

receptor expression in the posterolateral OFC. Anterior-posterior (A-P) distance from 

bregma noted. (b) Timing of CNO administration for posterolateral OFC inactivation during 

memory encoding. (c) Responses across training (session: F6,84 = 73.9, p< 0.001; session 

× virus: F6,84 < 1). (d, e) Responses during first (reinforcement: F1,14 = 8.49, p = 0.011; 

reinforcement × virus: F1,14 = 1.59, p = 0.228) and second choice tests (reinforcement: 
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F1,14 = 26.9, p < 0.001; reinforcement × virus: F1,14 < 1). Choice tests were performed 

on sequential days. Data presented as individual points or mean ± S.E.M. *p < 0.05 (main 

effect). n = 8 GFP, 8 hM4Di mice. Correspondence to main figures noted. Analyses were 

performed by ANOVA (2-sided) with repeating measures when appropriate; no adjustments 

for multiple comparisons required.

Extended Data Fig. 4 ∣. Responding during non-reinforced sessions did not differ between groups 
prior to choice tests.
All non-reinforced sessions were performed drug- and manipulation-free. (a) BLA→OFC 

inactivation (memory encoding): test 1 (time: F4,108 = 16.5, p < 0.001; time × CNO: F8,108 

< 1), test 2 (time: F4,108 = 17.9, p < 0.001; time × CNO: F8,108 < 1), or test 3 (time: F4,108 

= 16.2, p < 0.001; time × CNO: F8,108 < 1). (b) BLA→OFC inactivation (delayed memory 

encoding): test 1 (time: F4,56 = 29.9, p < 0.001; time × CNO: F4,56 < 1) or test 2 (time: 

F4,56 = 35.2, p < 0.001; time × CNO: F4,56 = 1.63, p = 0.179). (c) BLA→OFC inactivation 

(memory retrieval): test 1 (time: F4,64 = 12.2, p < 0.001; time × CNO: F4,64 < 1) or test 2 

(time: F4,64 = 7.17, p < 0.001; time × CNO: F4,64 < 1). (d) BLA→OFC stimulation: test 1 

(time: F4,112 = 16.3, p < 0.001; time × cocaine: F4,112 < 1; time × CNO: F4,112 = 1.18, p 

= 0.324; time × cocaine × CNO: F4,112 < 1), test 2 (time: F4,112 = 47.0, p < 0.001; time × 
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cocaine: F4,112 = 2.61, p = 0.056; time × CNO: F4,112 = 2.19, p = 0.075; time × cocaine × 

CNO: F4,112 < 1), or test 3 (time: F4,112 = 55.2, p < 0.001; time × cocaine: F4,112 = 1.27, 

p = 0.284; time × CNO: F4,112 < 1; time × cocaine × CNO: F4,112 = 1.74, p = 0.147). (e) 
OFC→DMS inactivation: test 1 (time: F4,72 = 8.30, p < 0.001; time × CNO: F4, 72 < 1) or 

test 2 (time: F4,72 = 40.5, p < 0.001; time × CNO: F4,72 < 1). (f) OFC→BLA inactivation: 

test 1 (time: F4,56 = 20.8, p < 0.001; time × CNO: F4,56 < 1) or test 2 (time: F4,56 = 27.1, 

p < 0.001; time × CNO: F4,56 = 1.62, p = 0.183). (g-h) OFC memory trace inactivation: 

novel (time: F4,84 = 26.1, p < 0.001; time × 4OHT: F4,84 < 1) or familiar reinforcement 

conditions (time: F4,72 = 19.3, p < 0.001; time × 4OHT: F4,72 < 1). (i-j) BDNF-dependent 

circuit function: BLA-OFC (time: F4,136 = 61.6, p < 0.001; time × lateralization: F8,136 < 1) 

or OFC-DMS disconnections (time: F4,92 = 31.7, p < 0.001; time × lateralization: F8,92 < 1). 

Data presented as mean ± S.E.M. Correspondence to main figures noted.

Extended Data Fig. 5 ∣. Extended interval training prompts inflexible choice behavior.
(a) Responses across training (F14,196 = 16.9, p < 0.001). (b) Choice test responses (t14 < 1). 

Data presented as individual points or mean ± S.E.M. n = 15 mice. Analyses were performed 

by ANOVA with repeating measures, and paired t-test (2-sided).
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Extended Data Fig. 6 ∣. Correlations between choice behavior and relative experience frequency 
of reinforced vs. non-reinforced nose pokes.
Correlation between individual choice test preference ratios (reinforced / non-reinforced) 

and the standard contingency measure (ΔP; see Methods) for each 25-minute non-reinforced 

session. (a) BLA→OFC inactivation: memory encoding (FR1: F1,28 < 1; RI30: F1,28 < 

1; RI60: F1,28 = 2.40, p = 0.132), (b) delayed memory encoding (all F1,14 < 1), or (c) 
memory retrieval (all F1,16 < 1). (d) BLA→OFC stimulation (all F1,30 < 1). (e) OFC→DMS 

inactivation (all F1,18 < 1). (f) OFC→BLA inactivation (all F1,14 < 1). (g) Correlation 

coefficients (Pearson’s r) between session ΔP and choice test preference ratios for all 

experiments in panels a-f (in order). Data presented as individual points or group means. 

95% confidence interval (grey shading). Correspondence to main figures noted.
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Extended Data Fig. 7 ∣. Chemogenetic inactivation of OFC→DMS projections disrupts memory 
retrieval independent of repeated testing.
(a) Combinatorial viral targeting of OFC→DMS projections. (b) Timing of CNO 

administration for OFC→DMS projection inactivation during memory retrieval. (c) 
Responses across training (session: F6,48 = 33.3, p < 0.001; session × CNO: F6,48 < 1). 

(d) Choice test responses (reinforcement: F1,14 = 15.2, p = 0.002; reinforcement × CNO: 

F1,14 = 6.74, p = 0.021). Data resented as mean ± S.E.M. *p < 0.05 (post-hoc). n = 8 veh, 8 

CNO mice. Experiments were replicated at least once, with concordant results.

Extended Data Fig. 8 ∣. Size of chemogenetically inactivated OFC neuronal ensembles does not 
predict choice behavior.
(a, b) Correlation between number of chemogenetically inactivated OFC neurons and choice 

test preference ratios (reinforced / non-reinforced) for OFC ensembles labelled following 

exposure to novel (F1,10 < 1) or familiar reinforcement conditions (F1,8 < 1). Data presented 

as individual points. 95% confidence interval (shading). Centre lines indicate regression.
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Extended Data Fig. 9 ∣. Additional dendritic spine parameters among BLA→OFC→DMS relay 
neurons.
(a) Location of all sampled dendrites from trained (T; filled circles) and yoked (∅; open 

circles) mice by anterior-posterior (A-P) distance from bregma. (b, c) Dendritic spine 

density across A-P extent of the ventrolateral OFC for yoked (F1,70 < 1) and trained mice 

(F1,70 < 1). Centre lines indicate regression. (d–f) Left panels. Dendrite diameter (cocaine: 

F1,20 < 1; training: F1,20 < 1; cocaine × training: F1,20 < 1), dendritic spine length (cocaine: 

F1,20 = 3.80, p = 0.053; training: F1,20 = 1.47, p = 0.227; cocaine × training: F1,20 < 1) 

and dendritic spine diameter (cocaine: F1,20 < 1; training: F1,20 < 1; cocaine × training: 

F1,20 < 1). Right panels. Percent change (trained mouse vs. yoked cage mate) in dendrite 

diameter (t10 < 1), dendritic spine length (t10 < 1), and dendritic spine diameter (t10 < 1). 

Data presented as individual points (solid = per animal; transparent=per dendrite). #p = 

0.053 (main effect). n = 6 sal ∅, 6 coc ∅, 6 sal T, 6 coc T mice.
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Extended Data Fig. 10 ∣. Correlations between BLA→OFC→DMS circuit-defined dendritic 
spine plasticity and choice behavior.
Correlation between individual choice test preference ratios (reinforced / non-reinforced) 

and dendritic spine parameters from Fig.6. (a–d) Dendritic spine density for all spines (F1,10 

= 5.12, p = 0.047), and by mushroom- (F1,10 = 5.71, p = 0.038), thin- (F1,10 = 1.14, p = 

0.311), and stubby-type spines (F1,10 < 1). (e–h) Percent change (trained mouse vs. yoked 

[∅] cage mate) in dendritic spine density for all spines (F1,10 = 1.43, p = 0.259), and by 

mushroom- (F1,10 < 1), thin- (F1,10 = 8.79, p = 0.014), and stubby-type spines (F1,10 = 1.10, 

p = 0.319). (i-j) Mushroom-to-thin spine-type ratio (F1,10 = 4.88, p = 0.052). Percent change 

(F1,10 = 4.03, p = 0.073). (k, l) Head volume of mushroom-type spines (F1,10 < 1). Percent 

change (F1,10 = 8.82, p = 0.014). Data presented as individual points. 95% confidence 

interval (grey shading). *p < 0.05. †p = 0.052. #p = 0.073. Panels g and l reproduced in 

Fig.6. Centre lines indicate regression.
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Fig. 1 ∣. BLA→OFC projections are necessary for encoding, but not retrieving, new action 
memories for sustained response flexibility.
a, Mice were trained to generate two food-reinforced nose-poke responses (training/

reinforced), and then the food associated with one response was delivered independent 

of nose-poking (non-reinforced), triggering new memory encoding necessary for adaptive 

choice the next day (choice test). b, Combinatorial viral targeting of BLA→OFC 

projections. c,d, Retrogradely transported eGFP-Cre driving hM4Di-mCherry expression 

in the BLA (c) with axon terminals detectable in the ventrolateral OFC (d). Scale bar, 

25 μm. e, Timing of CNO administration for BLA→OFC projection inactivation during 

memory encoding. f, Responses across training (session: F14,378 = 123; P<0.001; session × 

CNO: F28,378 <1). g–i, Choice test responses after ratio (choice test 1 (g); reinforcement: 

F1,27 = 31.2; P < 0.001; reinforcement × CNO: F2,27 = 4.07; P = 0.029), moderate interval 

training (choice test 2 (h); reinforcement: F1,27 = 18.2; P < 0.001; reinforcement × CNO: 

P2,27 = 4.40; P = 0.022) or extended interval training (choice test 3 (i); reinforcement: F1,27 

= 3.54; P = 0.071; reinforcement × CNO: F2,27< 1). j, Choice test response preference 
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ratios (training schedule: F2,54 = 8.43; P = 0.001, training schedule × CNO: F4,54 = 

3.73; P = 0.009). k, CNO (1.0 mg kg−1) and clozapine (0.1 mg kg−1) administration 

during memory-encoding absent chemogenetic receptor expression (reinforcement: F1,35 

= 32.3, P < 0.001; reinforcement × drug: F2,35 = 1.33, P = 0.278). l, Timing of CNO 

administration for BLA→OFC projection inactivation 6 hours after non-reinforced session. 

m, Responses across training (session: F10,80 = 51.9, P < 0.001; session × CNO: F10,80 

< 1). n,o, Choice test responses after ratio (choice test 1 (n); reinforcement: F1,14 = 16.9, 

P = 0.001; reinforcement × CNO: F1,14 < 1) or moderate interval training (choice test 2 

(o); reinforcement: F1,14 = 5.26, P = 0.038; reinforcement × CNO: F1,14 < 1). p, Timing 

of CNO administration for BLA→OFC projection inactivation during memory retrieval. q, 

Responses across training (session: F8,128 = 71.5, P < 0.001; session × CNO: F8,128 < 1). r,s, 

Choice test responses after ratio (choice test 1 (r); reinforcement: F1,16 = 34.5; P < 0.001; 

reinforcement × CNO: F1,16 = 1.44; P = 0.247) or moderate interval training (choice test 2 

(s); reinforcement: F1,16 = 129; P < 0.001; reinforcement × CNO: F1,16 = 2.01; P = 0.176). 

Data are presented as individual points or mean ± s.e.m. *P < 0.05 (main effect or post 

hoc). †P < 0.05 (one-sample test versus 1). Experiments were replicated at least once, with 

concordant results. See Supplementary Table 1 for complete statistics.
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Fig. 2 ∣. Selective inactivation of BLA→OFC axon terminals is sufficient to disrupt flexible 
memory encoding.
a, Intracranial targeting of BLA→OFC axon terminals. b,c, Cannula placement within the 

OFC (c) targeting axon terminals from hM4Di-mCherry-expressing BLA projection neurons 

(b). Scale bar, 25 μm. d, Timing of intracranial CNO infusions for BLA→OFC projection 

inactivation during memory encoding. e, Responses across training (session: F9,63 = 18.7, 

P < 0.001; session × virus: F9,63 < 1). f, Choice test responses (reinforcement: F1,17 = 

7.30, P = 0.015; reinforcement × virus: F1,17 = 4.72, P = 0.034). Data are presented as 

individual points or mean ± s.e.m., with groups compared by two-factor ANOVA with 

repeating measures. *P < 0.05 (post hoc). n = 9 control and 10 hM4Di mice. Experiments 

were replicated at least once, with concordant results.
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Fig. 3 ∣. Stimulating BLA→OFC projections reinstates flexible action memory encoding after 
cocaine.
a, Combinatorial viral targeting of BLA→OFC projections. b,c, Retrogradely transported 

eGFP-Cre driving hM4Di-mCherry expression in the BLA (b) with axon terminals 

detectable in the ventrolateral OFC (c). Scale bar, 25 μm. d, Cocaine administration before 

behavioral testing and timing of CNO administration for BLA→OFC projection stimulation 

during memory encoding. e, Responses across training (session: F14,392 = 17.23; P < 0.001; 

session × cocaine × CNO: F14,392 < 1). f–h, Choice test responses after ratio (choice test 

1 (f); reinforcement: F1,28 = 31.3; P < 0.001; reinforcement × cocaine × CNO: F1,28 = 

15.0; P < 0.001), moderate interval training (choice test 2 (g); reinforcement: F1,28 = 45.3; 

P <0.001; reinforcement × cocaine × CNO: F1,28 = 10.0; P = 0.004) or extended interval 

training (choice test 3 (h); reinforcement: F1,28 = 3.83; P = 0.061; reinforcement × cocaine 

× CNO: F1,28 < 1). i, Choice test response preference ratios (training schedule: F2,56 = 

5.28; P = 0.008, training schedule × cocaine × CNO: F2,56 = 6.39; P = 0.003). Data are 

presented as individual points or mean ± s.e.m. *P < 0.05 (main effect or post hoc). †P < 
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0.05 (one-sample test versus 1). Experiments were replicated at least once, with concordant 

results. See Supplementary Table 2 for complete statistics.
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Fig. 4 ∣. OFC→DMS, but not OFC→BLA, projections are necessary for the encoding and 
retrieval of new action memories for sustained response flexibility.
a, Combinatorial viral targeting of OFC→DMS or OFC→BLA projections. b–d, 

Retrogradely transported eGFP-Cre driving hM4Di-mCherry expression in the ventrolateral 

OFC (b) with axon terminals detectable in the DMS (c) or BLA (d). Scale bar, 25 μm. 

e, Timing of CNO administration for OFC→DMS or OFC→BLA projection inactivation 

during memory encoding or retrieval. f, Responses across training (session: F8,144 = 29.2; 

P < 0.001; session × CNO: F8,144 < 1). g,h, Choice test responses for memory-encoding 

(g) (reinforcement: F1,18 = 6.92; P = 0.017; reinforcement × CNO F1,18 = 4.79; P = 0.042) 

and retrieval-targeted (h) OFC→DMS projection inactivation (reinforcement: F1,18 = 13.9; 

P = 0.002; reinforcement × CNO F1,18 = 5.17; P = 0.036). i, Responses across training 

(session: F8,112 = 37.5; P < 0.001; session × CNO: F8,112<1). j,k, Choice test responses for 

encoding-targeted (j) (reinforcement: F1,14 = 17.0; P < 0.001; reinforcement × CNO F1,148 < 

1) or retrieval-targeted (k) OFC→BLA projection inactivation (reinforcement: F1,14 = 18.3; 

P = 0.001; reinforcement × CNO F1,14 < 1). Data are presented as individual points or mean 

± s.e.m. *P < 0.05 (main effect or post hoc). Experiments were replicated at least once, with 

concordant results. See Supplementary Table 3 for complete statistics.

Li et al. Page 35

Nat Neurosci. Author manuscript; available in PMC 2023 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5 ∣. Encoding-activated neuronal ensembles in the OFC form a memory trace for later 
response flexibility.
a,b, Induction of hM4Di-mCherry expression among virally targeted OFC neurons (a). 

Activity-dependent Fos promotor and enhancer elements drive expression of Cre-ER, which 

is only trafficked to the nucleus to catalyze recombination after 4OHT binding (b). c–f, 
Quantification of activity-dependent (c) and 4OHT-dependent hM4Di-mCherry expression 

in the ventrolateral OFC after exposure to novel (d) or familiar (e) reinforcement conditions 

(novelty: F1,39 = 34.3, P < 0.001; 4OHT: F1,39 = 393, P < 0.001; novelty × 4OHT: F1,39 

= 37.7, P < 0.001) (f). g, Timing of 4OHT and CNO administration for inactivation of 

novelty-responsive OFC neurons during choice test. h, Responses across training (session: 

F6.96 = 50.3, P < 0.001; session × 4OHT: F6,96 = 1.04, P = 0.406). i, Choice test responses 

(reinforcement: F1,21 = 20.6, P < 0.001; reinforcement × 4OHT: F1,21 = 5.90, P = 0.024). 

j, Choice test response preference ratios (t21 = 2.81, P = 0.010). k, Timing of 4OHT and 

CNO administration for inactivation of OFC neurons responsive to familiar reinforcement 

conditions. l, Responses across training (session: F6.108 = 63.3, P < 0.001; session × 4OHT: 

F6,108 < 1). m, Choice test responses (reinforcement: F1,18 = 40.2, P < 0.001; reinforcement 

× 4OHT: F1,18 < 1). n, Choice test response preference ratios (t18 = 1.00, P = 0.330). Data 

are presented as individual points or mean ± s.e.m. *P < 0.05 (main effect or post hoc). **P 
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< 0.05 (one-sample test versus 1). NS, not significant. Experiments were replicated at least 

once, with concordant results. See Supplementary Table 4 for complete statistics.
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Fig. 6 ∣. New action learning triggers dendritic spine plasticity within a di-synaptic 
BLA→OFC→DMS circuit.
a, Viral-mediated trans-synaptic ARM for labeling ‘relay’ neurons with a 

BLA→OFC→DMS circuit. b,c, Connectivity-defined ventrolateral OFC neurons (b) 

identified by ARM for imaging using transgenic Thy1-driven YFP fluorescence (c). Top 

right: scale bar, 50μm; bottom: scale bar, 10μm. d, Representative three-dimensional 

dendritic spine reconstructions. Scale bar, 2μm. e, Responses across training for trained (T) 

mice and their yoked (∅) cage mates (session: F5,100 = 12.6, P < 0.001; session × cocaine 

× training: F5,100 < 1). f, Choice test responses (reinforcement: F1,20 = 3.33, P = 0.083; 

reinforcement × cocaine × training: F1,20 = 3.68, P = 0.069). g–j, Left panels: dendritic spine 

density for all spines (g) (cocaine: F1,20 = 9.89, P = 0.005; training: F1,20 = 6.46, P = 0.019; 

cocaine × training: F1,20 = 1.37, P = 0.255) and stratified by mushroom-type spines (h) 

(cocaine: F1,20 = 6.11, P = 0.023; training: F1,20 < 1; cocaine × training: F1,20 < 1), thin-type 

spines (i) (cocaine: F1,20 = 1.01, P = 0.316; training: F1,20 = 20.3, P < 0.001; cocaine × 

training: F1,20 = 4.23, P = 0.041) or stubby-type spines (j) (cocaine: F1,20 < 1; training: 

F1,20 < 1; cocaine × training: F1,20 < 1). Right panels: percent change (trained mouse versus 

yoked cage mate). k,l, Left panels: mushroom-to-thin spine-type ratio (k) (cocaine: F1,20 = 

2.89, P = 0.105; training: F1,20 = 7.10, P = 0.015; cocaine × training: F1,20 = 2.40, P = 0.137) 

and head volume of mushroom-type spines (l) (cocaine: F1,20 < 1; training: F1,20 = 2.78, P 
= 0.098; cocaine × training: F1,20 = 1.07, P = 0.303). Right panels: percent change. m,n, 

Correlation between individual choice behavior and percent change in thin-type dendritic 

spine density (m) (F1,10 = 8.79, P = 0.014) and in head volume of mushroom-type spines 

(n) (F1,10 = 8.82, P = 0.014). 95% confidence interval (gray shading). Data are presented 

as individual points (solid, per animal; semi-transparent, per dendrite) or mean ± s.e.m. 
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*P < 0.05 (main effect, post hoc or planned comparison in f). **P = 0.12. ***P < 0.05 

(one-sample test versus 0). NS, not significant. Experiments were replicated at least once, 

with concordant results. See Supplementary Table 5 for complete statistics.
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Fig. 7 ∣. Circuit-specific neurotrophin tone in the OFC is required for new learning for sustained 
response flexibility.
a, Multiplexed viral-mediated method for assessing molecular–functional circuit interactions 

and circuit-specific BDNF function. b, Timing of CNO administration for unilateral BLA 

inactivation during memory encoding. c, Responses across training (session: F6,204 = 37.1, P 
<0.001; session × lateralization: F12,204 < 1). d, Choice test responses (reinforcement: F1,34 

= 10.3, P = 0.003; reinforcement × lateralization: F2,34 = 3.43, P = 0.044). e, Timing of 

CNO administration for unilateral DMS inactivation during memory encoding. f, Responses 

across training (session: F6,138 = 22.2, P < 0.001; session × lateralization: F12,138 < 1). g, 

Choice test responses (reinforcement: F1,23 = 28.3, P < 0.001; reinforcement × lateralization: 

F2,23 = 5.46, P = 0.011). Data are presented as individual points or mean ± s.e.m. *P < 

0.05 (post hoc). Experiments were replicated at least once, with concordant results. See 

Supplementary Table 6 for complete statistics.
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