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Summary

Neurons activated by learning have been ascribed the unique potential to encode memory, 

but the functional contribution of discrete cell types remains poorly understood. In particular, 

it is unclear whether learning engages specific GABAergic interneurons and, if so, whether 

they differ functionally from interneurons recruited by other experiences. Here we show 

that fear conditioning activates a heterogeneous neuronal population in the medial prefrontal 

cortex (mPFC) that is largely comprised of somatostatin-expressing interneurons (SST-INs). 

Using intersectional genetic approaches, we demonstrate that fear learning-activated SST-INs 

exhibit distinct circuit properties and are selectively reactivated to mediate cue-evoked memory 

expression. In contrast, an orthogonal population of SST-INs activated by morphine experience 

exerts opposing control over fear and supports reward-like motivational effects. These results 

outline an important role for discrete subsets of GABAergic cells in emotional learning and point 

to an unappreciated capacity for functional specialization among SST-INs.
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eTOC blurb

Cummings et al. demonstrate that discrete populations of prefrontal somatostatin interneurons 

activated by positive and negative experience exert opposing control over fear memory. This 

outlines an important role for functional specialization of GABAergic interneurons in emotional 

learning.
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Introduction

Stimuli encountered during learning preferentially activate specific neurons. Studies that 

monitor and manipulate these populations suggest that they play an essential role in 

memory encoding and may retain a cellular trace of learning that, when reactivated, 

mediates memory expression (Bocchio et al., 2017; Clem and Schiller, 2016; Josselyn and 

Tonegawa, 2020). Despite the theoretical importance of these stimulus representations, the 

cellular composition of memory-related populations is largely unexplored, and therefore the 

functional contribution of specific cell types, defined by gene expression, morphology, or 

input-output connectivity, remains poorly understood.
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The formation of associative fear memory is primarily attributed to glutamatergic projection 

neurons (PNs), which express a variety of cellular mechanisms for experience-dependent 

plasticity (Herry and Johansen, 2014; Malenka and Bear, 2004; Ressler and Maren, 2019). 

However, GABAergic INs also respond to memory-related cues and extensively modulate 

the function of PNs. In particular, INs containing parvalbumin- (PV-INs), vasoactive 

intestinal peptide (VIP-INs) and somatostatin (SST-INs) play key roles in orchestrating 

circuit dynamics underlying memory acquisition and expression (Artinian and Lacaille, 

2018; Courtin et al., 2014; Cummings and Clem, 2020; Krabbe et al., 2019; Lucas and 

Clem, 2017; Wolff et al., 2014; Xu et al., 2019). Synaptic inhibition is thought to facilitate 

these processes in part through rhythmic entrainment of PN firing (Headley and Pare, 2017). 

However, evidence suggests that both learning and recall also rely on synaptic interactions 

between INs that promote PN firing through disinhibition, for example when the recruitment 

of one IN subtype leads to a corresponding suppression of another (Artinian and Lacaille, 

2018; Letzkus et al., 2015; Lucas and Clem, 2018). Because they modulate large groups of 

PNs, such complex outcomes of GABAergic transmission could endow discrete subsets of 

INs with unique influence over memory networks. Consequently, an important unanswered 

question is whether learning recruits specific INs that participate selectively in memory 

encoding.

Recently, we demonstrated that SST-INs in the prelimbic cortex exhibit increased synaptic 

efficacy as well as cue-evoked activity after auditory fear conditioning, suggesting their 

involvement in memory formation (Cummings and Clem, 2020). We further showed that 

SST-INs control defensive freezing through activation of a distributed brain network, an 

effect likely orchestrated through the relief of PV-IN-mediated inhibition. Here, using 

genetic tagging approaches, we investigate whether SST-INs function in memory encoding 

as part of a discrete cell population. Consistent with a stable cellular representation, 

prelimbic neurons activated by fear conditioning are essential for subsequent memory 

expression. Contributing prominently to this heterogeneous population are a distinct subset 

of SST-INs that are preferentially reactivated at memory retrieval and underlie defensive 

freezing. Conversely, cellular tagging during morphine treatment, a primarily rewarding 

experience (Jiang et al., 2021; Le Merrer et al., 2009), delineates an orthogonal population 

of SST-INs that is not only distinct from fear-related SST-INs, but exerts opposing control 

over fear expression.

Results

Genetic capture of memory-related prefrontal neurons.

Previous work has identified the dorsomedial mPFC, comprised largely of the prelimbic 

cortex, as an important site for conditioned stimulus (CS) processing in auditory fear 

conditioning and a critical substrate for fear expression (Bagur et al., 2021; Burgos-Robles 

et al., 2009; Corcoran and Quirk, 2007; Courtin et al., 2014; Cummings and Clem, 2020; 

Dejean et al., 2016; DeNardo et al., 2019; Herry and Johansen, 2014; Karalis et al., 2016; 

Sotres-Bayon and Quirk, 2010; Xu et al., 2019). To identify neurons selectively recruited 

by learning in the prelimbic mPFC, we employed a viral genetic approach to permanently 

tag these cells with a fluorescent reporter. This strategy relied on expression of an estrogen 
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receptor-dependent Cre-recombinase (ERCreER) under the control of the enhanced synaptic 

activity responsive element (E-SARE), which contains regulatory sequences derived from 

the arc immediate-early gene (Kawashima et al., 2013). Importantly, recombination of target 

alleles following induction of ERCreER depends on the presence of the estrogen receptor 

ligand 4-hydroxytamoxifen (4-OHT), which together with rapid degradation of ERCreER 

restricts neuronal tagging to a period of several hours following activity.

A viral vector containing the E-SARE-ERCreER construct was co-injected into the mPFC 

together with vectors encoding a Cre-dependent enhanced yellow fluorescent protein 

(DIO-eYFP) and synapsin-driven mCherry (hSyn-mCherry), the latter of which served 

purely as a marker of viral infusion (Figure 1A). Following viral incubation, mice 

were subjected to auditory fear conditioning, which consisted of paired presentations of 

an auditory tone (2 KHz, 80 dB, 20s) that co-terminated with an aversive foot shock 

unconditioned stimulus. As a behavioral control condition, a subset of animals underwent 

the same procedure, except that aversive foot shocks were omitted (tones only). Following 

conditioning or tone presentations, subjects received intraperitoneal injections of 4-OHT 

or vehicle (Veh) solution and were returned to their home cages for 2 weeks to allow 

for the expression of recombinant alleles. At this point they were subjected to a test of 

memory retrieval in a context distinct from the training arena (Figure S1), followed by cFos 

immunohistochemistry, to examine the degree to which neurons that were activated during 

CS-US pairing were specifically reactivated by the CS.

Mice injected with 4-OHT after fear conditioning, but not after tones only exposure, 

exhibited substantially more eYFP+ neurons than vehicle-treated mice, which contained 

only sparse background labeling (Figure 1B, C). Furthermore, while no overall differences 

in cFos levels were observed following memory retrieval (Figure 1D), mice that received 

4-OHT following fear conditioning exhibited a higher density of double-labeled neurons 

(Figure 1E). More importantly, a higher proportion of eYFP+ neurons in these animals 

were immunoreactive for cFos (Figure 1F), indicating that a greater incidence of double 

labeling was not attributable to higher levels of eYFP expression. This indicates that neurons 

activated during fear conditioning are preferentially reactivated during memory retrieval, 

consistent with their selective involvement in long-term memory.

To test whether learning-activated neurons in the prelimbic cortex mediate memory 

expression, we next examined whether optogenetic manipulation of these cells influences 

CS-evoked freezing. To enable optogenetic control of these populations, mice received 

bilateral infusions of a viral cocktail including E-SARE-ERCreER and hSyn-mCherry 

vectors, along with a vector encoding either a Cre-dependent Archaerhodopsin (FLEX-

Arch3.0-GFP; Arch) or channelrhodopsin construct (DIO-ChR2-eYFP; ChR2) and were 

implanted with optic fibers directed at prelimbic cortex (Figure S2). After CS-US 

pairing, subjects received intraperitoneal injections of either 4-OHT or vehicle and were 

submitted to a memory retrieval test in which we examined the independent and combined 

effects of light and CS trials on freezing behavior. Following expression of Arch within 

learning-activated neurons, freezing during CS trials combined with photoinhibition (532 

nm, 20 s epoch, constant) was indistinguishable from baseline (Figure S2). Conversely, 

after ChR2 expression, photoexcitation (473 nm, 20 s epoch, 20 Hz, 5 ms duration) 
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increased freezing even in the absence of the CS. No further increase in freezing was 

observed when photoexcitation was combined with CS presentation, which could potentially 

reflect a ceiling effect. Examination of difference scores revealed bidirectional effects of 

optogenetic manipulations during the baseline period, suggesting that a component of 

the tagged population might be involved in context fear. The same analysis performed 

for CS trials indicated a decrease in freezing in 4-OHT-injected Arch-expressing animals 

compared to all other groups, supporting a role for the tagged population in cued freezing. 

Importantly, photostimulation did not affect general locomotion in the open field (Figure 

S2). Furthermore, no light-dependent effects were observed in the vehicle-injected groups, 

or in animals that received 4-OHT after tones only exposure (Figure S2, S3), indicating that 

modulation of freezing requires prior conditioning in conjunction with ERCreER activity.

Collectively, PV-INs, VIP-INs and SST-INs comprise >80% of GABAergic neurons in the 

cortex (Rudy et al., 2011). To determine whether these cell types participate as part of the 

learning-related population, we performed immunohistochemical staining against markers of 

these IN subtypes and quantified overlap with an activity-dependent fluorescent tag (Figure 

1G-I). In animals that received fear conditioning in combination with 4-OHT, we observed 

a far greater density of eYFP+ SST-INs compared to all other conditions (Figure 1G). In 

addition, a higher proportion of tagged neurons in this group expressed SST, indicating 

that an increase in labeled SST-INs after conditioning cannot be attributed solely to higher 

eYFP levels. Importantly, these effects were not observed after tones only exposure, further 

indicating that SST-IN labeling is specific to CS-US pairing and not driven by incidental 

activity. On average, ~20% of the tagged population was comprised of SST-INs, which in 

turn represented ~30% of the total SST-IN population (Figure 1G).

In contrast to the above results, learning-activated neurons exhibited negligible 

immunoreactivity for PV or VIP, and the incidence of recombination among PV- and 

VIP-INs was not modulated by conditioning or 4-OHT (Figure 1H-I). This could 

potentially indicate that fear conditioning does not strongly activate these cell types or, 

alternatively, they may exhibit molecular differences that preclude activation and binding 

of transcription factors CREB, MEF2 and SRF to E-SARE in response to behavioral 

experience (Kawashima et al., 2014). While both SST- and VIP-INs respond to aversive foot 

shocks (Cummings and Clem, 2020; Krabbe et al., 2019; Pi et al., 2013), genetic tagging 

would require coupling between this type of activity and the above transcriptional responses, 

which have been linked to memory encoding (Alberini, 2009). Therefore, E-SARE induction 

potentially demarcates a subset of SST-INs specifically involved in trace formation.

SST-INs activated during fear learning participate in memory encoding.

The above results raise the possibility that SST-INs are among the prefrontal neurons 

activated by learning and subsequently reactivated to mediate memory retrieval (Figure 1), 

which are important criteria for engram-bearing cells (Tonegawa et al., 2015). Alternatively, 

activated SST-INs may be relevant only to initial learning, with recall being mediated 

by other cell types (e.g. glutamatergic PNs). To discriminate between these possibilities, 

we made use of intersectional activity-dependent tagging to examine the specific role of 

learning-activated SST-INs. This strategy resembled the one used for non-selective tagging 
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except that to be activated by ERCreER, target vectors were also required to undergo 

flippase (Flp) recombination, which was restricted to SST-INs by the use of SST-FlpO 

transgenic mice (Figure 2A-B). Prior to training, these animals received bilateral mPFC 

injections of a viral cocktail including E-SARE-ERCreER and hSyn-mCherry vectors, along 

with a Cre- and Flp-dependent eYFP construct (Creon/Flpon-eYFP) (Figure 2B). Subjects 

then underwent auditory fear conditioning, or tones only experience (Figure S4), and 

immediately afterwards received intraperitoneal injections of 4-OHT or vehicle. Following 

a test of memory retrieval in a context distinct from the training arena, we utilized cFos 

immunohistochemistry to examine the degree to which SST-INs that were activated during 

CS-US pairing were reactivated during CS exposure.

Mice that received 4-OHT after fear conditioning, but not tones only exposure, exhibited a 

higher density of eYFP+ cells than vehicle controls (Figure 2C,D). Importantly, we found 

that a vast majority (>91%) of neurons labeled in this manner are immunoreactive for 

SST, indicating that our approach captures a relatively pure population of activated SST-INs 

(Figure S4). Following the test of memory retrieval, comparable levels of cFos expression 

were exhibited across conditions (Figure 2E). However, conditioning combined with 4-OHT 

was associated with a higher density of cFos+ eYFP cells following retrieval (Figure 2F) 

and, importantly, a higher proportion of eYFP+ cells in these animals exhibited cFos 

immunoreactivity (Figure 2G). This pattern of results suggests that cellular activity during 

memory retrieval is extraordinarily selective for SST-INs that were active during learning. 

Indeed, nearly 30% of the tagged SST-IN population was reactivated upon retrieval.

Given these results, we next sought to determine whether SST-INs activated during fear 

conditioning exert control over memory expression. Prior to training, we injected into 

the mPFC of SST-FlpO transgenic mice a viral cocktail including E-SARE-ERCreER and 

hSyn-mCherry vectors, along with a Cre- and Flp-dependent (Creon/Flpon) Arch or ChR2 

construct (Figure 3A-B). Following auditory fear conditioning, or tones only experience, 

mice received 4-OHT or vehicle solution and were submitted to a test of memory retrieval in 

which we examined the independent and combined effects of light and CS trials. Strikingly, 

selective photoinhibition (532 nm, 20 s epoch, constant) of a relatively sparse population 

of tagged SST-INs abolished CS-evoked freezing (Figure 3C). Conversely, photoexcitation 

(473 nm, 20 s epochs, 20 Hz, 5 ms pulses) was on its own sufficient to elicit freezing (Figure 

3D), an effect similar to that observed during stimulation of a heterogeneous population 

(Figure S2). Examination of difference scores confirmed a selective effect of photoexcitation 

in 4-OHT-injected ChR2 animals during the baseline period (Figure 3E), and conversely a 

selective reduction in freezing in 4-OHT-injected Arch-expressing animals during the CS 

compared to all other groups. These results were not attributable to non-specific motor 

effects because photostimulation did not alter locomotor parameters in the open field test 

(Figure S5). In contrast to these results, mice that received tones only experience or unpaired 

conditioning prior to SST-IN tagging exhibited no change in freezing upon photoexcitation 

(Figure S5). These results suggest that fear conditioning activates a subset (~30%) of 

SST-INs that contribute to encoding of cue associations.
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Learning-activated SST-INs exhibit unique input and output synaptic transmission.

An influential hypothesis is that neurons engaged by learning become functionally 

differentiated from non-activated cells through plasticity. Thus, an important question is 

whether fear learning-activated SST-INs exhibit differences in input or output synaptic 

transmission that might explain their preferential reactivation during memory retrieval 

or their downstream effects within the network. To examine this possibility, we first 

employed an activity-dependent fluorescent tag in conjunction with constitutive labeling 

of SST-INs, allowing us to compare the synaptic properties of tagged and non-tagged 

SST-INs. First, SST-FlpO x Ai65 transgenic mice received bilateral mPFC infusions of E-

SARE-ERCreER and Creon/Flpon-eYFP vectors and underwent fear conditioning followed 

by 4-OHT injection (Figure 4A). Electrophysiological recordings were then obtained from 

learning-activated SST-INs, which were labeled with both eYFP and tdTomato, as well 

as non-tagged SST-INs, which expressed only tdTomato (Figure S9). SST-INs activated 

during learning exhibited a higher frequency of spontaneous excitatory postsynaptic currents 

(EPSCs) compared to non-tagged SST-INs (Figure 4B). However, there were no differences 

in either frequency or amplitude of inhibitory postsynaptic currents (IPSCs) (Figure 4C). 

Electrically-evoked EPSCs from tagged SST-INs also exhibited a lower paired-pulse ratio 

(PPR) compared to those from non-tagged SST-INs, indicating that elevated excitatory 

transmission onto learning-activated SST-INs is attributable to higher glutamate release 

probability (Figure 4D). These differences were not observed when comparing tagged and 

non-tagged SST-INs from animals that received unpaired training (Figure S6), suggesting 

that they are a specific property of cells engaged in cued associative learning, and given our 

prior findings, they are likely acquired as part of the memory encoding process (Cummings 

and Clem, 2020). Interestingly, when we examined action potential firing in response to 

current injection, we also observed higher excitability of tagged versus non-tagged SST-INs 

after CS-US pairing specifically in male mice (Figure S6).

While increased excitatory input may play a causal role in the reactivation of learning-

activated SST-INs, the ability of SST-INs to modulate freezing depends on interaction with 

other cell types within the mPFC. We previously observed that CS-US pairing, but not 

unpaired training, alters the balance of transmission from prelimbic SST-INs onto PV-INs 

versus PNs in a manner that favors PN disinhibition (Cummings and Clem, 2020). We 

therefore sought to determine whether the microcircuit properties of SST-INs specifically 

engaged by CS-US pairing differ from those of SST-INs activated under non-associative, or 

unpaired, conditions. Specifically, we examined the relative level of GABAergic inhibition 

that these populations provide onto neighboring PV-INs as well as PNs that were either 

tagged or non-tagged as a result of training, in order to reveal how SST-INs interact 

selectively with learning-activated PNs. To accomplish this, we first generated SST-FlpO 

x PV-Cre x Ai9 transgenic mice, and then bilaterally infused a viral cocktail containing 

E-SARE-ERCreER and Creon/Flpon-ChR2-eYFP vectors into the mPFC of these animals 

(Figure 4E). Following fear conditioning and 4-OHT injection, this permitted expression of 

ChR2-eYFP and tdTomato expression in learning-activated SST-INs and PNs, respectively. 

In addition, constitutive expression of tdTomato was also driven via the PV-Cre allele 

within PV-INs, which can be readily distinguished from PNs by their electrophysiological 

properties.
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In acute brain slices, we recorded monosynaptic IPSCs in the above cell populations in 

response to photoexcitation of learning-activated SST-INs (Figure 4F). In unpaired mice, 

responses of tagged and non-tagged PNs were similar in amplitude, and both cell types 

exhibited larger responses than PV-INs (Figure 4F-G). In contrast, in paired mice, response 

amplitudes in tagged PNs were smaller than in non-tagged PNs, while those in tagged 

PNs and PV-INs were equivalent. To control for potential differences in viral transduction 

between paired and unpaired animals, IPSCs from PV-INs and tagged PNs were normalized 

to responses from non-tagged PNs within the same animal (Figure 4H). This revealed 

that compared to unpaired training, SST-INs activated during CS-US pairing provide 

proportionately stronger input onto PV-INs and generate weaker responses within tagged 

PNs. These differences in output, which potentially result from learning-induced plasticity, 

may facilitate selective disinhibition of memory-related PNs through concerted mono- and 

disynaptic control (Figure 4I).

Morphine and fear conditioning activate functionally discrete SST-IN populations.

While the above results suggest that memory-encoding SST-INs have distinct circuit 

properties, it remains possible that freezing elicited by optogenetic stimulation is a non-

specific effect of SST-IN transmission, rather than dependent on reactivation of specific 

cells. In this case, similar effects would be obtained by stimulating other subsets of SST-

INs as long as they exceed some threshold population size. Previous work has shown 

that prelimbic SST-INs exhibit plasticity of membrane and synaptic properties following 

morphine treatment, an experience highly distinct from fear conditioning (Jiang et al., 
2021). We therefore used activity-dependent genetic tagging to investigate whether SST-INs 

activated by morphine exhibit overlap with those involved in fear conditioning, and whether 

reactivation of these cells can drive fear expression after CS-US pairing (Figure 5). SST-

FlpO transgenic mice received viral infusions identical to those employed for fear-related 

cellular tagging (Figure 4) and were then injected with morphine (10 mg/kg) or saline 

solution followed 10 hours later by 4-OHT or vehicle (Figure 5A). Morphine treated mice 

exhibited stereotypical hyperlocomotion compared to vehicle injected controls (Figure S7) 

(Lee et al., 1977). Three weeks later, all mice underwent CS-US pairing followed by CS 

presentation and immunohistochemical staining for cFos to determine the degree to which 

morphine-activated SST-INs were reactivated by fear memory retrieval (Figure S7). As 

expected, a higher density of eYFP-positive SST-INs was observed following morphine 

combined with 4-OHT, relative to control conditions (Figure 5B-C). Among the groups, 

however, a comparable proportion of eYFP-positive SST-INs were immunoreactive for cFos, 

indicating chance levels of overlap between morphine-related tagging and retrieval-induced 

activity (Figure 5D-F). This indicates that in contrast to SST-INs activated during fear 

conditioning (Figure 4), morphine-activated SST-INs were not preferentially reactivated by 

memory retrieval.

To examine the impact of morphine-activated SST-INs on fear expression, cellular tagging 

was performed as above, except that E-SARE-ERCreER was used to drive Arch- or ChR2-

eYFP expression to enable subsequent optogenetic manipulations (Figure 5G). Three weeks 

later, neither photoinhibition (532 nm, 20 s epochs, constant) nor photophotoexcitation of 

morphine tagged SST-INs (473 nm, 20 s epochs, 20 Hz, 5 ms pulses) affected freezing 
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levels in shock-naïve animals (Figure S7). On the next day, all subjects underwent CS-US 

pairing followed by a test of fear memory retrieval in which we examined the independent 

and combined effects of light and CS trials. In contrast to stimulation of SST-INs that 

were activated during fear conditioning (Figure 3), photoinhibition of morphine-activated 

SST-INs had no effect on CS-evoked freezing (Figure 5H). Likewise, photoexcitation 

of morphine-activated SST-INs had no effect on baseline freezing levels (Figure 5I). 

Interestingly, however, when photoexcitation was combined with CS presentation, freezing 

levels were reduced compared to CS-only trials (Figure 5I). Importantly, photoexcitation of 

morphine-activated SST-INs had no effect on open field behavior, implying that reduction 

of freezing during memory retrieval was not attributable to non-specific locomotor effects 

(Figure S7). These results indicate that although both morphine and fear conditioning recruit 

large populations of SST-INs, these neurons have distinct functional properties. Not only is 

memory retrieval uniquely dependent on SST-INs that were activated by fear conditioning, 

but morphine-related SST-INs exert opposing control over fear expression.

Morphine- and fear-related SST-INs signal opposite valence and modulate distinct brain 
networks.

Behavioral effects of activating morphine- and fear-related SST-INs suggest that these 

populations may support discrete forms of valence signaling. Consistent with this possibility, 

mPFC plays an important role in opiate reward (Hyman et al., 2006; Rosen et al., 2015). 

To examine whether SST-INs activated by morphine support reward-like signaling, we 

tested the motivational effects of optogenetic stimulation in an assay of conditioned place 

preference (CPP). After establishing an initial baseline preference, mice received three 

consecutive days of CPP training in which photoexcitation of morphine tagged SST-INs was 

paired with the compartment opposite the one for which an initial preference was expressed 

(Figure 6A). Following CPP training, mice that received both morphine and 4-OHT during 

SST-IN tagging displayed a shift in preference toward the compartment where stimulation 

was applied, relative to control animals that received vehicle instead of 4-OHT (Figure 6B-

F). Because this preference was expressed in the absence of photostimulation, it indicates 

that activation of morphine-related SST-INs is sufficient to induce the formation of a positive 

contextual association.

Reactivation of fear-related SST-INs elicits defensive freezing (Figure 3), which on its 

own indicates that stimulation of these cells is aversive. Nevertheless, to examine the 

valence properties of fear-related SST-INs under conditions comparable to those in which 

morphine-related SST-INs elicit reward-like effects, we conducted an assay of conditioned 

place aversion (CPA). In this case, photoexcitation was paired with the compartment for 

which the animal expressed an initial preference (Figure 6G). Following CPA training, 

mice that received photoexcitation of fear-related SST-INs exhibited lower preference for 

the compartment where stimulation was applied, relative to vehicle controls (Figure 6H-L). 

These data confirm that under similar conditions, activation of morphine- versus fear-related 

SST-INs elicits opposite motivational effects and are therefore perceived as having opposite 

valence.
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To gain further insight into functional specialization of fear- and morphine-related SST-

INs, we examined the distribution of these cells within the prelimbic cortex as well as 

their modulation of activity in potential downstream regions. Interestingly, while a greater 

proportion of fear-related SST-INs could be found in layer 2/3, the distribution of morphine-

related SST-INs was highest in layer 5/6 (Figure 7A-C). Following E-SARE-dependent 

tagging with ChR2 and prelimbic fiber implantation, we applied photoexcitation to 

determine whether discrete SST-IN populations control activity of brain regions implicated 

in aversion and reward. After photoexcitation of either fear- or morphine-related populations 

(6 trials, 473 nm, 20 s duration, 5 ms pulse, 20 Hz), the vast majority of ChR2-eYFP-

expressing SST-INs exhibited cFos immunoreactivity regardless of whether animals received 

4-OHT or vehicle during intersection tagging (Figure 7D-F). Activation of fear-related 

SST-INs was associated with cFos expression in areas related to defensive threat responding, 

including the BLA (Herry and Johansen, 2014), vlPAG (Tovote et al., 2016), PVT (Beas et 

al., 2018; Do-Monte et al., 2015), LHb (Stamatakis and Stuber, 2012) and DMH (Johnson 

and Shekhar, 2006) (Figure 7G). With the exception of PVT, however, these areas were 

not differentially activated following stimulation of morphine-related SST-INs (Figure 7H). 

Instead, stimulation of morphine-related SST-INs resulted in robust activation of NAc 

and VTA, which form a circuit critical for reward processing (Hyman et al., 2006). In 

addition, we observed strong activation of the dPAG, comprised of the dorsomedial and 

dorsolateral subregions. These results suggest that discrete valence properties of fear- and 

morphine-related populations may be attributable to their unique anatomical distribution as 

well as their differential control over prelimbic outputs exerting direct or indirect control 

over remote brain regions.

Given the unique circuit properties of fear-related SST-INs (Figure 4), we examined whether 

morphine-activated SST-INs likewise exhibit differences in synaptic input compared to 

non-activated SST-INs or exert differential control over morphine-related PNs. SST-FlpO 

x Ai65 transgenic mice received bilateral mPFC infusions of E-SARE-ERCreER and Creon/

Flpon-eYFP vectors and were treated with morphine followed 10 hrs later by 4-OHT 

injection (Figure 8A). Electrophysiological recordings revealed a higher frequency of 

spontaneous EPSCs as well as lower amplitude of spontaneous IPSCs in morphine-activated 

SST-INs compared to non-activated SST-INs (Figure 8B-C). Electrically-evoked EPSCs also 

exhibited a lower PPR in morphine-activated SST-INs compared to those from non-activated 

cells. In addition to these synaptic differences, morphine-related SST-INs exhibited higher 

intrinsic excitability (Figure S8). Optogenetic stimulation of morphine-activated SST-INs, 

labeled in a manner similar to fear-related SST-INs in SST-FlpO x PV-Cre x Ai9 triple 

transgenic mice, revealed that they elicit much weaker inhibition in PNs that were activated 

by morphine treatment than in non-tagged PNs (Figure 8E-G). Thus, circuits formed 

by morphine- and fear-related SST-INs exhibit a similar pattern of electrophysiological 

differences, but likely differ in their specificity for recruitment versus inhibition of specific 

output populations. In either case, PNs that participate as part of an activated subpopulation 

with SST-INs receive less inhibition from these cells, which may facilitate their selective 

disinhibition upon SST-IN recruitment.
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Discussion

In this study, we demonstrate that a heterogeneous population of neurons in the prelimbic 

mPFC plays a critical role in fear memory encoding. A major subset of cells activated 

during learning are SST-INs, whose responsiveness to activity-dependent genetic tagging 

differentiates them from both PV- and VIP-INs. Intersectional genetic capture of learning-

activated SST-INs reveals that they are selectively reactivated during memory retrieval and 

support the expression of defensive freezing, properties that are attributable to differences 

in transmission within synaptic networks formed by these cells. In particular, memory-

related SST-INs receive stronger excitatory input and exhibit GABAergic output that favors 

disinhibition of PNs recruited by learning. Importantly, fear encoding is a specific property 

of these cells that is not generalizable to other SST-IN populations. Indeed, SST-INs 

activated by a distinct positive experience, morphine exposure, exert opposing control over 

cued fear expression and modulate a brain network implicated in reward.

Our identification of a sparse cell population with predicted attributes of a fear memory 

engram is comparable to prior studies that employed genetic tagging of learning-activated 

neurons (Cai et al., 2016; DeNardo et al., 2019; Han et al., 2009; Kim and Cho, 2017; 

Lacagnina et al., 2019; Liu et al., 2012; Rashid et al., 2016; Reijmers et al., 2007; Ryan et 

al., 2015; Tayler et al., 2013). While most reports do not explicitly address the cellular 

composition of engram populations or focus exclusively on the role of glutamatergic 

projections, however, we demonstrate that memory is represented to a large degree by 

GABAergic cells in the prelimbic cortex. Indeed, activation of SST-INs recapitulates the 

effect of stimulating the broader population, implying that they can largely orchestrate 

network dynamics underlying memory expression and may control the reactivation of 

glutamatergic PNs. This underscores the importance of establishing how both excitatory 

and inhibitory neurons contribute to the formation of a cellular memory trace, as well as how 

these cell types interact during processing of memory-related cues.

A possible key to the function of memory-encoding SST-INs is that they exert differential 

control over other cell populations involved in learning. Like those activated by unpaired 

conditioning, SST-INs activated by CS-US pairing give rise to monosynaptic connections 

onto PV-INs as well as both activated and non-activated PNs (Figure 4). However, 

the balance of GABAergic transmission onto these populations differed between the 

training conditions, reflecting either the recruitment of discrete SST-INs or the expression 

of plasticity in their output synapses. SST-INs engaged by cued fear learning provide 

proportionately stronger input onto PV-INs, consistent with previous recordings involving 

non-selective SST-IN stimulation (Cummings and Clem, 2020). In addition, while SST-INs 

activated by unpaired training inhibit PNs uniformly, those activated by CS-US pairing 

inhibit activated PNs more weakly than those that were not activated by learning. This 

unique configuration may facilitate PV-IN-mediated disinhibition while simultaneously 

sparing fear-related PNs from direct suppression by SST-INs, thereby enabling recruitment 

of relevant outputs from the prelimbic cortex while preserving or even augmenting the 

suppression of irrelevant pathways.
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In contrast to SST-INs activated by fear conditioning, those labeled in response to morphine 

treatment did not support CS-evoked freezing but on the contrary opposed its expression 

(Figure 5). Involvement of these subpopulations in distinct valence systems may in part 

explain their conflicting behavioral effects, but it remains to be established to what extent 

this is a pre-existing property of individual SST-INs. This is an important question given the 

unique laminar distribution of fear- and morphine-related SST-INs and the likelihood that 

they modulate distinct anatomical networks through PN disinhibition. In addition, however, 

valence-specific SST-INs may compete for behavioral control through mutually opposing 

inhibition of these output populations (Garcia-Junco-Clemente et al., 2017). Future work 

should therefore establish whether reward-related SST-INs interact directly with prelimbic 

circuits underlying fear expression.

Finally, while important insights can be gained from parsing the contributions of 

GABAergic subtypes, functional classification of these cells based on molecular markers 

is inherently complicated. As one of the most diverse of the broadly defined subtypes, 

SST-INs have been subclassified based on distinct firing phenotypes, morphologies, and co-

expression of secondary markers (Yavorska and Wehr, 2016). For example, while Martinotti 

cells are estimated to comprise at least half of SST-INs, disinhibition of the thalamorecipient 

layer of somatosensory cortex is mediated by SST-INs with non-Martinotti morphology (Xu 

et al., 2013). Within the frontal cortex, functionally relevant subpopulations of SST-INs 

have been discriminated based on expression of receptors for acetylcholine and oxytocin, 

as well as signaling components like neuropeptide Y and neuronal nitric oxide synthase 

(Funk et al., 2017; Jackson et al., 2018; Li et al., 2016; Nakajima et al., 2014; Yamamuro 

et al., 2020). Nevertheless, our appreciation of how these discrete subpopulations encode 

different aspects of experience is severely limited. Functional mapping of SST-INs, aided by 

activity-dependent genetic tagging, may help resolve these questions.

In conclusion, conditioned fear relies on an anatomically and functionally discrete 

population of SST-INs in the prefrontal cortex but is subject to opposing control by 

an orthogonal network of reward-related SST-INs. Our results provide important insight 

into the cellular specificity of memory encoding by GABAergic microcircuits and outline 

synaptic mechanisms by which INs may become functionally specialized during behavioral 

plasticity.

STAR Methods

Resource availability

Lead contacts—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contacts, Roger Clem (roger.clem@mssm.edu) 

and Kirstie Cummings (kac3@uab.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—The data that support the findings of this study are available 

from the corresponding author upon reasonable request. This paper does not report original 

code.
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Experimental model and subject details

All procedures were approved by the Institutional Animal Care and Use Committee at the 

Icahn School of Medicine at Mount Sinai. Male and female mice aged P42–45 at the time 

of surgery and P70-P98 at the time of behavioral and electrophysiological experiments were 

used throughout this study. Mice (C57Bl/6J background) were purchased from Jackson 

Laboratories and housed in groups of 3–5 in a 12 hour light-dark cycle with ad libitum 
access to food and water. Behavioral and electrophysiological experiments were performed 

during the animals’ light cycle. The following genotypes were used: C57Bl/6J (Stock No. 

000664), SST-FlpO (Stock No. 028579), PV-IRES-Cre (Stock No. 017320), Ai9 (Stock No. 

007909), and Ai65F (Stock No. 032864). Animals were randomly assigned to experimental 

groups.

Method Details

Vectors—Vectors used in this study that were purchased from Addgene include 

AAV1-EF1a-DIO-hChR2(H134R)-eYFP-WPRE (Addgene # 20298), AAV1-CBA-FLEX-

Arch-GFP (Addgene # 22222), AAV1-EF1a-DIO-eYFP-WPRE (Addgene # 27056), and 

AAV8-hSyn-mCherry (Addgene # 114472). Vectors purchased from the University of 

North Carolina Gene Therapy Center Vector Core include rAAVDJ/nEF-Creon/Flpon-

hChR2(H134R)-eYFP and rAAVDJ/nEF-Creon/Flpon-eYFP. The plasmid for the ESARE-

ERCreER-PEST vector was a gift from Dr. H. Bito (University of Tokyo). We expanded 

the plasmid in transformation-competent E. coli, followed by purification using a Qiagen 

MaxiPrep kit and further extraction in a mixture of phenol-chloroform-isoamyl alcohol 

(25:24:1) saturated with 10 mM Tris (pH 8.0) and 1 mM EDTA. The purified plasmid was 

packaged in the AAV8 serotype at the Boston Children’s Hospital vector core.

Stereotaxic surgical procedures—Surgery was performed as previously described 

(Cummings and Clem, 2020). Briefly, following induction of anesthesia, mice (P42) were 

mounted in stereotaxic frames. For activity-dependent tagging in C57Bl/6J mice, vectors 

were mixed in a ratio of 2:7:1 for ESARE-ERCreER, DIO-eYFP or DIO-ChR2-eYFP 

or FLEX-Arch-GFP, and hSyn-mCherry, respectively. For intersectional activity-dependent 

tagging in SST-FlpO mice, vectors were mixed in a ratio of 2:4:0.6 for ESARE-ERCreER, 

Creon/Flpon-ChR2-eYFP or Creon/Flpon-eYFP, and hSyn-mCherry, respectively. Vectors 

were thoroughly mixed just prior to surgery and bilaterally infused into prelimbic cortex 

(400 nL; AP +1.9, DV −2.0, ML +/− 0.9 at a 10° angle) at a rate of 100 nl/min using 

motorized injectors (World Precision Instruments). For in vivo optogenetics experiments, 

optic fibers were fabricated as previously described (Cummings and Clem) and bilaterally 

implanted directly above prelimbic cortex at AP: +1.9, DV: −1.6, ML: +/−0.9 at a 10° angle. 

Virus was allowed in incubate for 4 weeks prior to behavioral training experiments.

Fear conditioning and retrieval behavior—All mice were handled for 3 consecutive 

days for prior to behavioral testing as described previously (Cummings and Clem, 2020). 

For optogenetic manipulation experiments, mice were also habituated to the patch cords 

during handling and were tethered to patch cords for all behavioral tests. Auditory fear 

conditioning was conducted in sound-attenuating chambers (MedAssociates, St. Albans, VT, 

USA) and began with a 200 s baseline period followed by presentation of 6 pairings of 
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a neutral auditory tone (CS; 2 kHz, 80 dB, 20 s) with a co-terminating foot shock (US; 

0.7 mA, 2 s). CS/US pairings were presented with 80 s interstimulus intervals. For naïve 

mice, animals were placed in the conditioning arena and exposed to 6 tones (same as CS in 

conditioning experiments) in the absence of shocks. Unpaired conditioning was performed 

by placing animals in the conditioning arena and presenting 6 CS, then returned to their 

home cage for 15 min, after which they were placed back in the conditioning arena and 

exposed to 6 US.

Two (for nonintersectional tagging in wildtype mice) or three (for intersectional tagging in 

SST-FlpO mice) weeks after behavioral training (as described below), mice were subjected 

to a CS-evoked memory retrieval test in a neutral context. For optogenetic experiments, 

mice received two laser-only trials, followed by 4 CS presentations alternating with and 

without simultaneous laser stimulation. The order of CS-only and combined CS/laser 

trials was counterbalanced. Laser-only, CS/laser, and CS-only epochs were each averaged 

and reported. For trials including optogenetic manipulation of tagged neurons, light was 

delivered at a final transmitted intensity of 7–9 mW for 473 nm (for ChR2; 20 Hz, 5 ms 

for 20 s epochs) or 532 nm (for Arch; constant light, 20 s) using a diode-pumped solid 

state laser (Opto Engine, LLC, Midvale, UT, USA). For mice tethered to an optic fiber, 

video recordings of fear conditioning and retrieval behavior were scored manually by an 

experimenter blind to the group allocation of the subject. For untethered mice (i.e. for 

cFos experiments and electrophysiology), videos were submitted to automated analysis by 

MedAssociates VideoFreeze software. Mice with mistargeted virus and/or optic fibers were 

excluded from analysis.

Morphine administration—Morphine sulfate was dissolved in sterile saline at 1 mg/mL. 

Mice received a single 10 mg/kg intraperitoneal injection of morphine or saline in the 

home cage. Mice receiving an injection of morphine displayed characteristic phenotypes, 

including morphine-induced tail erection and hyperlocomotion (Lee et al., 1977), and were 

left undisturbed for 10 hours prior to receiving injections of vehicle or 4-hydroxytamoxifen 

(see below).

Activity-dependent neural tagging—Population tagging was performed via a single 

intraperitoneal (IP) injection of either vehicle or 4-hydroxytamoxifen (4-OHT) immediately 

following CS-US pairing, tone-only exposure, or foot shock in unpaired mice, or 10 hours 

following morphine or saline injection. 4-OHT was formulated as previously described (Ye 

et al., 2016). Briefly, 4-OHT (Sigma H6278) was dissolved in DMSO to a concentration of 

40 mg/mL, and further diluted in sterile saline containing 1% Tween-80 to a concentration 

of 1 mg/mL. Mice were injected at a dose of 10 mg/kg. Vehicle consisted of the same 

components as the 4-OHT solution, including 2.5% DMSO and 1% Tween-80 in sterile 

saline, but lacked 4-OHT. Vehicle was injected at the same volume as the 4-OHT mixture 

(0.1 cc/10 g body weight). Mice were left undisturbed in their home cages after neural 

tagging to ensure minimal non-specific recombination.

Open field test—Mice were acclimated to the room for 30 minutes before the open field 

experiment. After tethering implanted ferrules to patch cords, each subject was placed in the 

middle of a 42 cm (length) × 42 cm (width) × 30 cm (height) square open field arena and 
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movements were detected via 15 infrared beams/detectors on each side. Each test consisted 

of two alternating and counterbalanced light-on (473 nm, 7–9 mW delivered at 20 Hz, 10 

ms pulses) and light-off periods lasting 5 minutes each, for a total of 20 min. Infrared beam 

breaks and locomotor parameters were quantified using Fusion v5.6 SuperFlex software 

and reported as averages of the two light-on or light-off epochs. For analysis of morphine-

induced locomotion, WT mice were injected with morphine (10 mg/kg) or saline and 

immediately placed in the open field for 60 min.

Conditioned place preference and aversion—The experimental apparatus was a 

rectangular arena with three compartments (paired, center, and unpaired) and featured 

distinct visual and tactile cues. SST-FlpO mice were subjected to fear conditioning 

or morphine administration followed by either vehicle or 4-hydroxytamoxifen injection. 

Following viral expression, CPP and CPA analysis was performed. On day 1 (pre-test), 

mice were placed in the arena and allowed to freely explore for 20 minutes. Data were 

scored to determine the amount of time mice spent in each compartment. On days 2–4 

(conditioning), dividers were inserted into the arena to restrict mice to a single compartment. 

For conditioned place preference, morphine-tagged mice were placed in the compartment 

opposite the one for which they expressed an initial preference during the pre-test. For 

conditioned place avoidance, fear-tagged mice were placed in the compartment for which 

they expressed an initial preference during the pre-test. Mice that did not display an overt 

initial preference were placed into a randomly chosen compartment. Animals were then 

subjected to optogenetic stimulation for 40 minutes (473 nm, 7–9 mW delivered at 20 Hz, 

10 ms pulses; alternating 1 min on and 1 min off). To control for independent effects of 

context exposure, each subject was also placed in the opposite compartment for 40 min 

without laser stimulation. Conditioning sessions with and without photostimulation were 

separated by 5–6 hours and the order was counterbalanced. On day 5 (post-test), mice were 

placed back into the arena with the dividers removed and allowed once again to freely 

explore all compartments for 20 min. Mice were tethered to patch cords throughout all test 

and conditioning sessions. Videos were acquired and automatically scored using Ethovision. 

CPP/CPA score was calculated using the following formula: (percent time in preferred side 

in the post-test – percent time in the same side in the pre-test) / percent time in the same side 

during the pre-test.

Immunohistochemistry—For cFos analysis of fear memory retrieval, mice were 

submitted to 4 CS presentations in a neutral context. For cFos analysis following optogenetic 

stimulation of tagged SST-INs (Figure 7), animals received 6 photostimulation epochs 

(473nm, 20 Hz, 10 ms pulses) lasting 20 s. 90 min following CS presentation or 

photoexcitation mice were deeply anesthetized and transcardially perfused with phosphate 

buffered saline (PBS) followed by 4% paraformaldehyde (PFA; pH 7.45). Brains were 

removed and fixed overnight in 4% PFA before sectioning at 50 µm thickness on the 

coronal plane using a Leica VT1000S vibratome. Immunohistochemistry was performed on 

floating sections with an anti-cFos primary antibody (1:1000; Millipore ABE457). Slices 

were blocked at room temperature for one hour by using 2% normal goat serum in PBS 

+ 0.3% Tween-20 before overnight incubation in primary antibody at 4°C. Slices were 

then incubated for 2 hours at room temperature in a secondary goat anti-rabbit antibody 
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conjugated to Alexa 647 (1:500; Jackson Immunoresearch 111–605-045) in PBS containing 

2% normal goat serum and 0.3% Tween-20. Staining against somatostatin was performed 

using a rabbit anti-somatostatin-14 antibody (1:1000; Peninsula Laboratories Cat. # T-4103) 

in PBS containing 5% BSA and 0.25% Triton X-100 following blocking in the same 

solution. Staining against parvalbumin and vasoactive intestinal peptide was performed 

using a mouse anti-parvalbumin (1:1000; Millipore Cat. # MAB1572) and a rabbit anti-VIP 

antibody (1:500; Immunostar Cat. # 20077), respectively, in PBS containing 5% normal goat 

serum and 0.3% Tween-20 after blocking in the same solution. Secondary antibody labeling 

was done using goat anti-rabbit conjugated to Alexa 647 (1:500; Jackson Immunoresearch 

111–605-045) for tissue previously labeled for SST and VIP. Secondary antibody labeling 

was done using goat anti-mouse conjugated to Alexa 647 (1:500; Jackson Immunoresearch 

115–605-003) for tissue previously labeled for PV. Slices were mounted with Prolong 

Antifade Gold mounting medium with DAPI (Life Technologies, Grand Island, NY, USA) 

and imaged using an inverted Zeiss 780 confocal microscope running Zen Black software 

(Carl Zeiss Microscopy, Jena, Germany). Cell counts were performed using the Cell Counter 

plug-in in ImageJ (NIH, Bethesda, MD, USA) by an experimenter blind to treatment 

condition.

Slice electrophysiology—Mice were deeply anesthetized with isoflurane and brains 

were extracted and submerged in ice cold (−2° to −4°C) carbogen-bubbled (95% oxygen, 

5% CO2) sucrose cutting solution containing (in mM): 210 sucrose, 26.2 NaHCO3, 11 

glucose, 2.5 KCl, 1 NaH2PO4, 0.5 ascorbate, 4 MgCl2, and 0.5 CaCl2. Coronal sections 

were obtained from mPFC at 300 µm thickness and recovered for 45 min at 35°C in 

carbogen-bubbled artificial cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 

26.2 NaHCO3, 11 glucose, 2.5 KCl, 1 NaH2PO4, 2 MgCl2, and 2 CaCl2. Slices were 

subsequently maintained and recordings were performed at room temperature. Whole-cell 

electrodes (2–5 MΩ) were fabricated from borosilicate glass and filled with internal solution 

(pH 7.25; 295 mOsmol) containing (in mM): 120 Cs-methanesulfonate, 10 HEPES, 10 

Na-phosphocreatine, 8 NaCl, 1 QX-314, 0.5 EGTA, 4 Mg-ATP, and 0.4 Na-GTP for 

voltage-clamp experiments. An internal solution (pH 7.25; 295–300 mOsmol) containing (in 

mM): 127.5 K-methanesulfonate, 10 HEPES, 5 KCl, 5 Na-phosphocreatine, 2 MgCl2, 0.6 

EGTA, 2 Mg-ATP, and 0.3 Na-GTP was used for current-clamp experiments. Experiments 

were conducted on an upright microscope equipped with DIC optics and a light-emitting 

diode (LED) -coupled 40X objective. Tagged neurons were targeted based on eYFP and 

tdTomato fluorescence. In addition, interneurons were differentiated from PNs on the basis 

of morphology, capacitance and input resistance. Recordings of EPSCs and IPSCs were 

obtained in standard ACSF at −60 mV and 0 mV, respectively. Evoked EPSCs were 

produced with a bipolar stimulating electrode placed in layer 2 of prelimbic cortex. For 

light-evoked IPSCs, cells were clamped at 0 mV in standard ACSF with the addition 

of 1 μM TTX (Abcam) and 100 μM 4-aminopyrimidine (Abcam) and currents were 

elicited with a TTL-pulsed objective-coupled LED (460 nm, 20 mW/mm2, 1 ms pulse, 

Prizmatix). Data were acquired at 10 kHz and low-pass filtered at 10 kHz for spontaneous 

and 3kHz for evoked responses using Multiclamp 700B (Molecular Devices, San Jose, 

CA, USA) and pClamp 10 software (Molecular Devices). For analysis of intrinsic firing 

properties, recordings were performed in standard ACSF with addition of CNQX (10 µM) 
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and picrotoxin (100 µM). Current injections (500 ms duration) were performed at −20 

pA to +90 pA at 10 pA increments. Rheobase was defined as the minimum current level 

required to elicit a single action potential. Cells exhibiting unacceptable health (>100 pA 

holding current), access resistance changes of >20% or unstable synaptic responses were 

excluded from analysis. All analyses were performed in ClampFit 10 (Molecular Devices) 

and MiniAnalysis (Synaptosoft, Fort Lee, NJ) by an experimenter blind to group allocation, 

cell type, and sex.

Quantification and statistical analysis

As preconditions for parametric statistical analysis, we tested the assumptions of normality 

and homogeneity of variance using the Shapiro-Wilk and Levene’s tests, respectively. When 

these assumptions were not met (p < 0.05) non-parametric alternatives were used. Due to 

the lack of a non-parametric alternative to the 2-way ANOVA, this precluded testing for 

interactions in some experiments where two factors were present. Following a significant 

omnibus test, pairwise comparisons among all the groups were used to test for significant 

differences. All statistical tests, values, and significance levels are specified in the associated 

figure legends. Box plots depict median (line), mean (open square), quartiles (box), and 

10–90% range (whiskers). Individual data points (open circles) are overlaid on box plots. 

Sample sizes were estimated based on prior electrophysiological and behavioral studies from 

our laboratory. Statistical analysis and graph construction were done in Graphpad Prism 

(San Diego, CA) and OriginPRO (OriginLab, Northampton, MA).

Supplementary Material

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

• A discrete subset of prefrontal SST-INs participates in fear memory encoding.

• Memory-encoding SST-INs have distinct circuit properties.

• Morphine activates an orthogonal SST-IN population that opposes cued fear.

• Fear- and morphine-related SST-INs modulate valence-specific brain 

networks.
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Figure 1. Fear conditioning recruits a cell population that is reactivated upon retrieval and is 
partially comprised of somatostatin-expressing interneurons.
(A) Timeline for cellular tagging during fear conditioning followed by cFos analysis of 

retrieval-dependent reactivation. (B) Top: representative eYFP tagging. Scale bar = 500 

µm. Bottom: cFos induction following the retrieval test. White arrowheads denote cFos+ 

eYFP neurons. Scale bar = 100 µm. Cg1 = cingulate area 1. PL = prelimbic cortex. IL 

= infralimbic cortex. (C-F) Boxplot comparison between tones only vehicle (n = 8 mice), 

tones only 4-OHT (n = 7 mice), conditioned vehicle (n = 8 mice), and conditioned 4-OHT 

(n = 7 mice) groups of (C) number of eYFP+ cells: χ2 = 23.7 (3), p = 2.89 × 10−5, 

Kruskal-Wallis ANOVA; (D) number of cFos+ cells: χ2 = 5.75 (3), p = 0.12, Kruskal-Wallis 

ANOVA; (E) number of cFos+/eYFP+ double positive cells: χ2 = 20.9 (3), p = 1.09 × 10−4, 

Kruskal-Wallis ANOVA; and (F) number of cFos+/eYFP+ double positive cells normalized 

to the total number of eYFP+ cells: χ2 = 16.7 (3), p = 8.05 × 10−4, Kruskal-Wallis ANOVA. 

(G) SST labeling following CS-US pairing and 4-OHT injection. Scale = 50 µm. Bottom, 

boxplot comparison of labeling in tones only vehicle (n = 8 mice), tones only 4-OHT (n = 

8 mice), conditioning vehicle (n = 8 mice), and conditioning 4-OHT (n = 7 mice). SST+ 
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cells: χ2 = 6.93 (3), p = 0.074, Kruskal-Wallis ANOVA. SST+ eYFP cells normalized to the 

total number of eYFP cells: F(1,27) = 87.9, p = 5.55 × 10−10, interaction between training 

and treatment, 2-way ANOVA. SST+ eYFP cells normalized to the total number of SST+ 

cells per group: χ2 = 17.04 (3), p = 6.93 × 10−4, Kruskal-Wallis ANOVA. (H) PV labeling 

following CS-US pairing and 4-OHT injection. Scale = 50 µm. Bottom, boxplot comparison 

of labeling in tones only vehicle (n = 3), tones only 4-OHT (n = 4), conditioning vehicle (n 

= 4), and conditioning 4-OHT (n = 4). PV+ cells: F(1,40) = 0.73, p = 0.41, 2-way ANOVA. 

PV+ eYFP cells normalized to the total number of eYFP+ cells per group: χ2 = 0.88 (3), 

p = 0.83, Kruskal-Wallis ANOVA. PV+ eYFP cells normalized to the total number of PV+ 

cells per group: χ2 = 1.31 (3), p = 0.73, Kruskal-Wallis ANOVA. (I) VIP labeling following 

CS-US pairing and 4-OHT injection. Scale = 50 µm. Bottom, boxplot comparison between 

tones only vehicle (n = 8), tones only 4-OHT (n = 8), conditioning vehicle (n = 8), and 

conditioning 4-OHT (n = 8). VIP+ cells: χ2 = 1.84 (3), p = 0.606, Kruskal-Wallis ANOVA. 

VIP+ eYFP cells normalized to the total number of eYFP+ cells per group: χ2 = 0.359 (3), p 

= 0.949, Kruskal-Wallis ANOVA. VIP+ eYFP cells normalized to the total number of VIP+ 

cells per group: χ2 = 1.02 (3), p = 0.796, Kruskal-Wallis ANOVA. * p < 0.05, ** p < 0.01, 

*** p < 0.001 by Tukey’s post-hoc test (G) or Dunn’s post-hoc test (C, E, F, G). See also 

Figures S1-S3.
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Figure 2: Fear learning-activated somatostatin-interneurons are preferentially reactivated upon 
memory retrieval.
(A) Intersectional genetic targeting. (B) Timeline for cellular tagging followed by cFos 

analysis of retrieval-dependent reactivation. (C) Top: representative eYFP tagging. Scale 

bar = 500 µm. Bottom: cFos induction following retrieval. White arrowheads denote cFos+ 

eYFP neurons. Scale bar = 100 µm. Cg1 = cingulate area 1. PL = prelimbic cortex. IL = 

infralimbic cortex. (D-G) Boxplot comparison between tones only vehicle (n = 6 mice), 

tones only 4-OHT (n = 6 mice), conditioning vehicle (n = 6 mice), and conditioning 4-OHT 

(n = 6 mice) groups of (D) number of eYFP+ cells: χ2 = 17.6 (3), p = 5.20 × 10−4, 

Kruskal-Wallis ANOVA; (E) number of cFos+ cells: number of cFos+ cells: F(1,20) = 0.82, 

p = 0.38, 2-way ANOVA. (F) number of cFos+/eYFP+ double positive cells: χ2 = 18.0 (3), 

p = 4.46 × 10−4, Kruskal-Wallis ANOVA; and (G) number of cFos+/eYFP+ double positive 

cells normalized to the total number of eYFP+ cells in each group: χ2 = 17.5 (3), p = 5.49 
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× 10−4, Kruskal-Wallis ANOVA. p < 0.05, ** p < 0.01, *** p < 0.001, Dunn’s post-hoc test 

(D,F,G). See also Figure S4.
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Figure 3: Fear learning-activated somatostatin interneurons control cue-elicited freezing.
(A) Timeline for cellular tagging and optogenetic analysis of fear behavior. (B) 
Representative ChR2 expression and optic fiber placement. Scale = 500 µm. Cg1 = cingulate 

area 1. PL = prelimbic cortex. IL = infralimbic cortex. (C) Boxplots depict modulation of 

freezing by light (532 nm, constant, 20 s epochs) and CS trials in vehicle (gray) and 4-OHT 

(purple) injected mice expressing Arch. Vehicle: F(3,15) = 22.1, p = 9.18 × 10−6, 1-way 

repeated measures ANOVA, n = 6 mice. 4-OHT: χ2 = 17.4 (3), p = 5.85 × 10−4, Friedman 

ANOVA, n = 9 mice. (D) Boxplots depict modulation of freezing by light (473 nm, 10 ms 

pulses, 20 Hz, 20 s epochs) and CS trials in vehicle (gray) and 4-OHT (purple) injected mice 

expressing ChR2. Vehicle: χ2 = 19.5 (3), p = 2.15 × 10−4, Friedman ANOVA, n = 8 mice. 

4-OHT: F(3,18) = 46.7, p = 1.07 × 10−8, 1-way repeated measures ANOVA, n = 7 mice. (E) 
Boxplots depict change in freezing induced by photostimulation during the baseline period 

in (C) and (D). Effect of photostimulation (LightON – lightOFF): F (1,26) = 4.73, p = 0.039, 

2-way ANOVA. (F) Boxplots depict change in freezing induced by photostimulation during 

the CS in (C) and (D). Effect of photostimulation (LightON – lightOFF): F (1,26) = 17.5, p = 

2.87 × 10−4, 2-way ANOVA. ** p < 0.01, *** p < 0.001, Tukey’s post-hoc test (C: vehicle, 

D: 4-OHT, E, F). * p < 0.05, ** p < 0.01, *** p < 0.001, Dunn’s post-hoc test (C: 4-OHT, 

D: vehicle). See also Figure S5.
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Figure 4: Input and output synaptic connections of fear learning-activated somatostatin 
interneurons exhibit distinct properties.
(A) Targeting of activated (eYFP+/ tdTomato+) versus nonactivated SST-INs (eYFP−/ 

tdTomato+) for electrophysiology following CS-US pairing. (B) Boxplots depict 

spontaneous EPSC parameters from tagged (n = 15 cells) and non-tagged SST-INs (n = 

15 cells) in the same slices (n = 6 slices from 5 mice). Interevent interval: U = 205, p = 

1.35 × 10−4, Mann-Whitney U-test. Amplitude: t28 = −1.03, p = 0.31, two-sided unpaired 

t-test. (C) Boxplots depict spontaneous IPSC parameters from tagged (n = 14 cells) and 

non-tagged SST-INs (n = 14 cells) in the same slices (n = 6 slices from 5 mice). Interevent 

interval: U = 89, p = 0.696, Mann-Whitney U-test. Amplitude: t26 = 0.945, p = 0.353, 

Mann-Whitney U-test. (D) Boxplots depict EPSC amplitude from tagged (n = 10 cells) 

and non-tagged SST-INs (n = 11 cells) in the same slices (n = 4 slices in 3 mice) during 

paired pulse stimulation. Paired pulse ratio: F(3,7) = 16.6, p = 0.0014, interaction between 

cell type and delay, 2-way repeated measures ANOVA. (E) Electrophysiological analysis of 

connections from tagged SST-INs onto PV-INs (tdTomato+) as well as tagged (tdTomato+) 
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and non-tagged PNs (tdTomato-) following CS-US pairing or unpaired conditioning. (F) 
Example IPSCs. (G) Boxplots depict amplitude of IPSCs resulting from photoexcitation 

(460 nm, 1 ms, 0.1 Hz) of tagged SST-INs in PV-INs, non-tagged PNs (NT-PNs), and tagged 

PNs (T-PNs) following unpaired conditioning (n = 3 slices from 3 mice: PV-INs (n = 10 

cells), NT-PNs (n = 10 cells), T-PNs (n = 8 cells)) and CS-US pairing (n = 3 slices from 

3 mice: PV-INs (n = 9 cells), NT-PNs (n = 14 cells), T-PNs (n = 12 cells)). Unpaired 

conditioning: χ2 = 13.0 (2), p = 0.0015, Kruskal-Wallis ANOVA. CS-US pairing: χ2 = 

17.8 (2), p = 1.32 × 10−4, Kruskal-Wallis ANOVA. (H) Boxplots depict amplitude of IPSCs 

from PV-INs and tagged PNs normalized to the median amplitude of non-tagged PNs from 

the same slices. PV-IN amplitude: t4 = 3.56, p = 0.023, two-sided unpaired t-test. Tagged 

PN amplitude: t4 = 4.19, p = 0.013, two-sided unpaired t-test. (I) Model of relative output 

strength of SST-INs in unpaired versus paired mice. * p < 0.05, ** p < 0.01, *** p < 

0.001 by Mann Whitney U-test (B), Tukey’s post-hoc test (D), unpaired t-test (H) or Dunn’s 

post-hoc test (G). See also Figure S6.
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Figure 5: Morphine activates an orthogonal population of somatostatin-interneurons that 
opposes conditioned fear expression.
(A) Timeline for tagging of morphine-related SST-INs followed by fear conditioning and 

cFos analysis of retrieval-dependent reactivation. (B) Top: representative SST-IN tagging. 

Scale bar = 500 µm. Bottom: cFos induction following memory retrieval. White arrowhead 

denotes cFos+ eYFP neuron. Scale bar = 100 µm. Cg1 = cingulate area 1. PL = prelimbic 

cortex. IL = infralimbic cortex. (C-F) Boxplot comparison between saline vehicle (n = 6 

mice), tones only 4-OHT (n = 6 mice), conditioning vehicle (n = 6 mice), and conditioning 

4-OHT (n = 6 mice) groups of (C) number of eYFP+ cells: F(1,20) = 96.1, p = 4.42 × 

10−9, interaction between drug and treatment, 2-way ANOVA; (D) number of cFos+ cells: 

F(1,20) = 2.62, p = 0.12, 2-way ANOVA; (E) number of cFos+/eYFP+ double positive cells: 

F(1,20) = 7.77, p = 0.011, interaction between drug and treatment, 2-way ANOVA; and (F) 
number of cFos+/eYFP+ double positive cells normalized to the total number of eYFP+ 

cells in each group: χ2 = 4.95 (3), p = 0.175, Kruskal-Wallis ANOVA. (G) Timeline for 
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tagging of morphine-related SST-INs followed by optogenetic analysis of fear behavior. (H) 
Boxplots depict modulation of freezing by photoinhibition (532 nm, 20 s epochs, constant) 

and CS presentation during the retrieval test for vehicle (gray) and 4-OHT (purple) mice. 

Vehicle: χ2 = 14.6 (3), p = 0.0022, Friedman ANOVA. 4-OHT: F(3,21) = 66.4, p = 6.99 

× 10−11, 1-way repeated measures ANOVA. (I) Boxplots depict modulation of freezing by 

photoexcitation (473 nm, 20 s epochs, 20 Hz, 5 s pulses) and CS presentation during the 

retrieval test for vehicle (gray) and 4-OHT (purple) mice. Group x stimulus interaction: 

F(3,21) = 41.6, p = 5.11 × 10−9, 2-way repeated measures ANOVA. * p < 0.05, ** p < 0.01, 

*** p < 0.001 by Tukey’s post-hoc test (C, E, H, I) or Dunn’s post-hoc test (F, H). See also 

Figure S7.
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Figure 6: Morphine and fear-related SST-INs signal opposite valence.
(A) Timeline for tagging and photoexcitation of morphine-related SST-INs in a CPP assay. 

(B) Example heat maps for the post-conditioning test. (C) Boxplot of pre-conditioning place 

preference: t13 = 0.32, p = 0.75, two-sided unpaired t-test. (D) Boxplot of post-conditioning 

place preference: t13 = 2.19, p = 0.047, two-sided unpaired t-test. (E) Boxplot of percent 

change in preference: t13 = 2.27, p = 0.041, two-sided unpaired t-test. (F) CPP score: U 

= 10, p = 0.043, Mann-Whitney U-test. (G) Timeline for tagging and photoexcitation of 

fear-related SST-INs in a CPA assay. (H) Example heat maps during the post-conditioning 

test of place aversion. (I) Boxplot of pre-conditioning place preference: : t15 = 1.26, p = 

0.22, two-sided unpaired t-test. (J) Boxplot of post-conditioning place preference: U = 59, p 

= 0.031, Mann-Whitney U-test. (K) Boxplot of percent change in preference: t15 = 2.57, p = 

0.021, two-sided unpaired t-test. (L) CPA score: U = 5, p = 0.0033, Mann-Whitney U-test. * 

p < 0.05, ** p < 0.01 by unpaired t-test (D, E, K) or Mann-Whitney U test (F, J, L).

Cummings et al. Page 31

Neuron. Author manuscript; available in PMC 2023 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: Fear- and morphine-related SST-INs differ in laminar distribution and modulate 
distinct brain networks.
(A) Timeline for cellular tagging followed by lamina-specific cell counts. (B) Representative 

eYFP tagging. Scale = 100 µm. (C) Boxplot of proportion of eYFP+ cells in L2/3 versus 

L5/6. F(1,20) = 160, p = 5.20 × 10−11, 2-way ANOVA. (D) Timeline for cFos-based 

analysis of network activity following photoexcitation of fear- or morphine-related SST-INs. 

(E-F) Boxplots depict density of tagged SST-INs exhibiting cFos expression following 

fear conditioning (E) or morphine (F). (E) Density of cFos+ tagged SST-INs: U = 0, 

p = 0.012, Mann-Whitney U test. (F) Density of cFos+ tagged SST-INs: U = 0, p = 

0.030, Mann-Whitney U test. (G-H) Boxplot comparison of cFos+ cells within indicated 

brain regions after photoexcitation by t-test or Mann-Whitney U test, corrected for a 

false discovery rate of 0.1 by the Benjamini-Hochberg method. Basolateral amygdala, 

BLA; ventrolateral periaqueductal gray, vlPAG; paraventricular thalamus, PVT; lateral 

habenula, LHb; dorsomedial hypothalamus, DMH; dorsal midline thalamus, DMT; ventral 
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hippocampus area CA1, vCA1; dorsal hippocampus dentate gyrus, DG; caudate putamen, 

CPu; nucleus accumbens, NAc; dorsal PAG, dPAG; ventral tegmental area, VTA. (G) BLA: 

t8 = 3.34, p = 0.010; vlPAG: t8 = 2.72, p = 0.026; PVT: t8 = 3.34, p = 0.010; LHb: U = 0, p = 

0.012; DMH: U = 0, p = 0.012; DMT: t8 = 0.80, p = 0.45; vCA1: t8 = 0.11, p = 0.92; DG: t8 

= 0.39, p = 0.71; CPu: t8 = 0.69, p = 0.51; NAc: U = 10, p = 0.68; dPAG: t8 = 0.83, p = 0.43; 

VTA: t8 = 0.84, p = 0.42. (H) BLA: t6 = 1.87, p = 0.11; U = 3, p = 0.19; vlPAG: t6 = 2.72, 

p = 0.026; PVT: t6 = 6.56, p = 5.99 × 10−4; LHb: t6 = 1.15, p = 0.30; DMH: t6 = 2.00, p = 

0.092; DMT: t6 = 0.73, p = 0.49; vCA1: U = 3, p = 0.19; DG: t6 = 2.25, p = 0.065; CPu: U = 

10, p = 0.66; NAc: t6 = 7.42, p = 3.08 × 10−4; dPAG: t6 = 9.46, p = 7.95 × 10−5; VTA: U = 0, 

p = 0.029. * p < 0.05, ** p < 0.01, ***p < 0.001 by Tukey’s post-hoc (C), Mann-Whitney U 

test (E-H), or unpaired two-sided t-test (G-H).
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Figure 8. Synaptic connections formed by morphine-related SST-INs have distinct properties.
(A) Strategy for independent targeting of activated (eYFP+/ tdTomato+) versus nonactivated 

SST-INs (eYFP-/ tdTomato+) for electrophysiological recording following morphine 

treatment. (B) Boxplots depict spontaneous EPSC parameters from tagged (n = 13 cells) 

and non-tagged SST-INs (n = 12 cells) in the same slices (n = 4 slices from 4 mice). 

Interevent interval: U = 126, p = 0.0010, Mann-Whitney U-test. Amplitude: t28 = −1.03, 

p = 0.31, two-sided unpaired t-test. (C) Boxplots depict spontaneous IPSC parameters 

from tagged (n = 13 cells) and non-tagged SST-INs (n = 10 cells) in the same slices (n 

= 4 slices from 4 mice). Interevent interval: U = 89, p = 0.70, Mann-Whitney U-test. 

Amplitude: t26 = 0.945, p = 0.353, Mann-Whitney U-test. (D) Boxplots depict amplitude 

of EPSCs from tagged (n = 8 cells) and non-tagged SST-INs (n = 8 cells) in the same 

slices (n = 3 slices from 3 mice) during paired pulse stimulation. Paired pulse ratio: F(3,21) 

= 11.2, p = 1.36 × 10−4, interaction between cell type and delay, 2-way repeated measures 
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ANOVA. (E) Strategy for electrophysiological analysis of connections from tagged SST-INs 

onto PV-INs (tdTomato+) as well as tagged (tdTomato+) and non-tagged PNs (tdTomato-) 

following morphine treatment. (F) Example IPSC traces. (G) Boxplots depict amplitude of 

IPSCs resulting from photoexcitation (460 nm, 1 ms, 0.1 Hz) of tagged SST-INs in PV-INs, 

non-tagged PNs (NT-PNs), and tagged PNs (T-PNs) following morphine treatment (n = 4 

slices from 4 mice: PV-INs (n = 15 cells), NT-PNs (n = 16 cells), T-PNs (n = 12 cells)). χ2 

= 23.6 (2), p = 7.38 × 10−6, Kruskal-Wallis ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001 

by Mann-Whitney U test (B, C), Tukey’s post-hoc test (D), or Dunn’s post-hoc test (G). See 

also Figure S8.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-cFos Millipore Cat# abe457

Rabbit anti-somatostatin-14 Peninsula Laboratories Cat# T-4103

Mouse anti-parvalbumin Millipore Cat# mab1572

Rabbit anti-vasoactive intestinal peptide Immunostar Cat# 20077

Goat anti-rabbit Alexa fluor 647 Jackson Immunoresearch Cat# 111–605-045

Goat anti-mouse Alexa fluor 647 Jackson Immunoresearch Cat# 115–605-003

Bacterial and Virus strains

AAV1-EF1a-DIO-hChR2(H134R)-
eYFP-WPRE

Karl Deisseroth Lab: Cre-activated AAV 
expression plasmids
Unpublished

Addgene Cat# 20298

AAV1-CBA-FLEX-Arch-GFP High-performance genetically targetable 
optical neural silencing by light-driven 
proton pumps.
Chow BY, Han X, Dobry AS, Qian X, 
Chuong AS, Li M, Henninger MA, Belfort 
GM, Lin Y, Monahan PE, Boyden ES
Nature. 2010 Jan 7.
463(7277):98–102.

Addgene Cat# 22222

AAV1-EF1a-DIO-eYFP-WPRE Karl Deisseroth Lab: Double Floxed 
Inverted
ORF Control Unpublished

Addgene Cat# 27056

AAV8-hSyn-mCherry Karl Deisseroth Lab: mCherry Control 
Unpublished

Addgene Cat# 114472

rAAVDJ/nEF-Creon/Flpon-
hChR2(H134R)-eYFP

University of North Carolina Gene 
Therapy Center Vector Core

n/a

rAAVDJ/nEF-Creon/Flpon-eYFP University of North Carolina Gene 
Therapy Center Vector Core

n/a

AAV8-ESARE-ERCreER-PEST Boston Children’s Hospital Vector Core n/a

Chemicals, peptides, and recombinant proteins

4-hydroxytamoxifen (70% Z-isomer) Sigma Cat# H6278

Morphine sulfate Sigma Cat# 1448005

Tetrodotoxin citrate Abcam Cat# ab120055

4-Aminopyridine Abcam Cat# ab120122

Cyanquixaline disodium salt Abcam Cat# ab120044

Picrotoxin Abcam Cat# 120315

Experimental models: Organisms/strains

Mouse: C57Bl/6J Jackson Laboratory Stock No. 000664

Mouse: SST-FlpO Jackson Laboratory Stock No. 028579

Mouse: PV-IRES-Cre Jackson Laboratory Stock No. 017320

Mouse: Ai9 Jackson Laboratory Stock No. 007909

Mouse Ai65F Jackson Laboratory Stock No. 032864

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER

pFBAAV-ESARE-ERCreER-PEST Gift from Dr. Haruhiko
Bito; Kawashima et al. (2013).

n/a

Software and algorithms

MedAssociates Video Freeze MedAssociates https://www.med-associates.com/product/video-
fear-conditioning/

Zen 2012 SP2 Zeiss https://www.zeiss.com/microscopy/us/products/
microscope-software/zen.html

Clampex 10.3.1 Molecular Devices https://www.moleculardevices.com/products/axon-
patch-clamp-system/acquisition-and-analysis-
oftware/pclamp-software-suite

NIH ImageJ National Institutes of Health https://imagej.nih.gov/ij/index.html

VLC media player 2.1.3 Rincewind VideoLAN https://www.videolan.org/

MiniAnalysis Synaptosoft http://www.synaptosoft.com/MiniAnalysis/

Fusion v5.6 SuperFlex Omnitech Electronics http://www.omnitech-electronics.com/product/
Fusion-Software/510

Photoshop 12.1 Adobe https://www.adobe.com/products/
photoshopfamily.html

OriginPro OriginLab https://www.originlab.com/

Prism 5 GraphPad https://www.graphpad.com/scientific-software/
prism

BioRender BioRender https://biorender.com/
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