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SUMMARY

Response to threatening environmental stimuli requires detection and encoding of important 

environmental features that dictate threat. Aversive events are highly salient, which promotes 

associative learning about stimuli that signal this threat. The nucleus accumbens is uniquely 

positioned to process this salient, aversive information and promote motivated output, through 

plasticity on the major projection neurons in the brain area. We describe a nucleus accumbens core 

local circuit whereby excitatory plasticity facilitates learning and recall of discrete aversive cues. 

We demonstrate that putative nucleus accumbens substance P release and long-term excitatory 

plasticity on dopamine 2 receptor-expressing projection neurons are required for cue-dependent 

fear learning. Additionally, we find that fear learning and recall is dependent on distinct projection 

neuron subtypes. Our work demonstrates a critical role for nucleus accumbens substance P in 

cue-dependent aversive learning.

In brief

Belilos et al. find that nucleus accumbens core substance P through cell-type-selective plasticity 

is required for cue-dependent aversive learning. These findings implicate substance P signaling 

in aversive learning and response, which may underlie the development of anxiety and mood 

disorders.
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INTRODUCTION

Aversive stimuli are inherently salient, as animals need to recognize these threats to survive. 

Consequently, aversive stimuli elicit rapid learning about and response to cues that predict 

aversive outcomes. Canonically, the major projection neurons of the nucleus accumbens 

(NAc) are studied in terms of motivational or incentive salience, a cognitive process that 

facilitates approach or avoidance in response to a stimulus. These responses, however, 

require recognition of a salient stimulus to promote these motivated outcomes. The NAc 

responds to salient cues in humans1 and is required for aversive learning,2,3 which is 

cue dependent in the NAc core,3–5 suggesting that the NAc core may facilitate Pavlovian 

learning independently of the motivated response. If true, it is likely consolidation and 

subsequent recall of these salient events requires long-term plasticity to facilitate persistent 

memories. These NAc-dependent synaptic mechanisms to enable recognition of threatening, 

aversive stimuli have yet to be determined.

Within the NAc, medium spiny projection neuron (MSN) subtypes are thought to promote 

opposing outcomes, with dopamine 1 (D1) receptor MSN activity driving rewarding and 

positive outcomes and dopamine 2 (D2) receptor MSN activity driving aversive outcomes, 

suppressed reward, and punishment.6–15 This understanding has been updated, and it is now 

known MSN subtype activity participates in more complex and pivotal roles in guiding 

learned behavior. In addition, NAc core D2-MSNs have been shown to be required for 

discrimination,16 reversal learning,17,18 and reward.19–21 These additional known roles of 
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D2-MSNs may hinge on the ability of D2-MSNs to alter their response to salient stimuli. 

Thereby, stimulus-dependent activity (e.g., through potentiation of excitatory transmission 

on D2-MSNs) during learning may provide a means of facilitating learning about aversion-

associated stimuli.

We recently uncovered a mechanism whereby glutamatergic long-term excitatory 

potentiation (LTP) is elicited on D2-MSNs exclusively by activity of D1-MSNs22 and 

required the activation of cholinergic interneurons by release of the neuropeptide substance 

P. Both acetylcholine (ACh) and substance P are released by salient stimuli, including 

drugs of abuse and aversive stimuli,23,24 and these neuromodulators contribute to many 

of the same behaviors as activation of D2-MSNs. Additionally, phasic activity changes of 

cholinergic neurons in response to cue-dependent associative outcomes have been observed 

in primates25,26 and rodents.27 Like D2-MSN neuronal activity, striatal ACh is necessary for 

behavioral flexibility,28 discrimination,29 and reversal learning30 and aids in the expression 

of cue-motivated behavior.31 These similarities and the fact that this circuit promotes 

plasticity position this circuit as a likely candidate for signaling aversion-related outcomes. 

Therefore, we hypothesized that this NAc core substance P is necessary for supporting 

aversive fear learning through plasticity on D2-MSNs.

In this study, we aimed to determine synaptic and circuit mechanisms that underpin NAc 

core-dependent aversive learning. Using pharmacology and gene-knockout technology, we 

found that substance P receptors in cholinergic neurons were required for cue-dependent 

aversive learning, in a fear conditioning context. These findings were corroborated through 

enhanced D1-MSN activity and ACh release in response to aversive foot shocks and D2-

MSN activity in response to learned cues. Disrupting this circuit at any synaptic and cellular 

node diminished learning about cues. Our work provides perspective on how MSN subtypes 

interact to facilitate learning about aversive cues associated with foot shock.

RESULTS

Neurokinin 1 receptor signaling is required for cue-dependent aversive learning

As substance P is released by strongly salient stimuli23,24 and is involved in many of 

the same aversive outcomes as D2-MSNs activation, we first tested whether putative 

substance P release and binding to its primary receptor, the neurokinin 1 (NK1) receptor, 

was necessary for aversive learning. A Pavlovian fear conditioning model was used as a 

model of aversive learning, in which freezing was the main measure of learning (Figure 

1A). To determine if substance P was required for associative aversive learning, mice were 

injected intraperitoneally (i.p.) with the brain penetrant NK1 receptor antagonist L-733,060 

(10 mg/kg) prior to fear conditioning. NK1 receptor antagonism suppressed cue-dependent 

but not context-dependent freezing (Figure 1B), without affecting locomotion (Figure S1). 

Intraperitoneal injection of L-733,060 prior to cue recall had no effect on cue recall (Figure 

1C). These results suggest that substance P signaling during aversive cue conditioning is 

required for the full expression of fear learning.

The NK1 receptor is found throughout the brain, including in regions known to be 

associated with fear conditioning (e.g., amygdala and periaqueductal gray). In the NAc, 
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the NK1 receptor (encoded by the Tacr1 gene) is found in all choline acetyl-transferase 

(ChAT)-expressing cholinergic cells. Therefore, we used a CRISPR-Cas9 system, generated 

an adeno-associated virus (AAV)-expressing guide RNA (gRNA) for the Tacr1 gene (Tacr1-

gRNA), and injected it in the NAc core of ChAT-Cre/Cas9 mice, which express Cas9 

exclusively ChAT cells. RNAscope in situ hybridization was used to assess the efficacy of 

the knockout. As we were unable to separate ChAT cells expressing or not expressing the 

Tacr1 gRNAs (see STAR Methods), all Chat-expressing cells in the NAc core for which 

GFP expression was observed were quantified for Tacr1 expression. A significant reduction 

in the Tacr1 transcript in Chat-positive cells was observed, and no difference was observed 

in Tacr1 expression in Chat-negative cells (Figure 1D). Additionally, a functional and near 

complete inhibition of substance P-induced increase in ChAT firing was observed in mice 

expressing Cas9 and the Tacr1-gRNAs (Figure 1E). Next, we tested the functional knockout 

in fear-conditioning behavior. NK1 receptor knockout suppressed cue-dependent but not 

context-dependent freezing (Figure 1F), suggesting that the cue-dependent reduction in 

freezing due to NK1 receptor antagonism was indeed an effect selective for the NAc core. 

In agreement with this finding, local NAc core infusion of L-733,060 during conditioning 

was capable of suppressing cue-dependent but not context-dependent recall compared with 

saline-infused mice (Figure 1G). Overall, these experiments indicate that substance P 

signaling is required for the full expression of cue-dependent recall of aversion-associated 

cues.

D1-MSNs are required for cue-dependent fear conditioning

The primary source of substance P in the striatum is D1-MSNs, which exclusively express 

and release the peptide, and we have demonstrated that activation of D1-MSNs releases 

substance P.22 As substance P signaling is required for aversive learning and substance P is 

released in the striatum in response to salient aversive stimuli,23 we predicted that D1-MSN 

activity would increase in response to salient, aversive stimuli. To selectively assay the 

activity of D1-MSNs, Dyn-Cre mice were injected with AAV-DIO-GCaMP7f and implanted 

with fibers in the NAc core for assessment of in vivo calcium activity with fiber photometry 

as a means of assessing correlated neural activity (Figure 2A). We first acquired signals in 

response to random interval, unpredictable foot shocks. D1-MSN calcium activity scaled 

with the magnitude of foot shock (Figures 2B and 2C) but did not significantly vary across 

shock trials (Figure 2D). This scaling was not affected by injection of L-733,060 (Figure 

S2A). Next, we assayed activity during conditioning and cue recall. During conditioning, 

foot shock but not the novel cue increased D1-MSN calcium activity (Figure 2E). D1-MSN 

calcium activity was not increased by the cue during cue recall (Figure 2F), despite an 

increase in freezing (Figure S2B). Additionally, individual freeze events were not associated 

with changes in D1-MSN calcium activity (Figure S2C). We then scaled foot-shock intensity 

to determine if the magnitude of the foot shock controlled both the D1-MSN calcium 

response and subsequent learning. As expected, freezing to the associated cue increased 

with foot-shock intensity (Figure 2G). Interestingly, the area under the curve (AUC) of the 

shock-induced calcium signal during conditioning correlated significantly with percentage 

freezing (Figure 2H). Taken together, these results indicate the strength of D1-MSN activity 

during conditioning may be necessary for scaling cue-dependent aversive learning and 

recall.
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To test the necessity of D1-MSN activity during cue-dependent aversive learning, we 

used a temporally selective optogenetic strategy to inhibit D1-MSNs during cue-dependent 

behavior. Dyn-Cre mice were injected with AAV-DIO-eNpHR3.0 and implanted with 

optogenetic fibers in the NAc core (Figure 2I). Optogenetic inhibition of D1-MSNs did 

not affect locomotion (Figures S2D and S2E). D1-MSNs were inhibited selectively for 10 

s during the cue and shock during conditioning. D1-MSN inhibition during the cue and 

shock in conditioning diminished cue recall but not context recall (Figure 2J). In another 

group of mice, we selectively inhibited D1-MSNs during every other 10 s cue to determine 

if D1-MSN inhibition reversibly inhibited cue-dependent freezing. No change in cue recall 

was observed from D1-MSN inhibition (Figures 2K–2L). Altogether, these results indicate 

D1-MSN activity contributes to cue-dependent learning but not recall.

Substance P signaling is required for shock-driven ACh release

Substance P is released from D1-MSNs in response to salient stimuli23,32 and has a role 

in aversion.33,34 Additionally, substance P release promotes increased activity of ChAT 

neurons via the NK1 receptor.22,35 In addition, previous studies have indicated that ChAT 

neurons exhibit phasic activity patterns in response to aversive stimuli in vivo.26 Therefore, 

it was predicted that substance P would cause ChAT activity and ACh release in vivo. 

An AAV containing the GPCR-activation-based sensor for ACh (GRAB-ACh3.0)36 was 

injected into the NAc core of mice and expressed in neurons (Figure 3A). Ex vivo slice 

studies demonstrated bath application of low (1 μM) and high (100 μM) concentrations of 

ACh significantly increase bulk fluorescence intensity in a concentration-dependent manner 

(Figure S3A). To evaluate ACh binding in vivo, the virus was injected, a fiber was implanted 

in the NAc core, and fluorescent transients were observed using fiber photometry. In an 

open-field chamber, mice were injected with the broad muscarinic antagonist scopolamine, 

which has been observed to block ACh binding to the GRAB-ACh3.0 sensor.36 Scopolamine 

significantly diminished the average magnitude of the GRAB-ACh signal and suppressed the 

amplitude of all transients (Figure S3B). These results verify that the GRAB-ACh3.0 sensor 

causes fluorescence through ACh release and binding to the GRAB-ACh3.0 receptor sensor.

Next, to determine if ACh is released by aversive stimuli in a substance P-dependent 

manner, foot shocks (10 total) were given at random, unpredictable intervals in behavior 

naive mice while recording GRAB-ACh3.0 fluorescent activity in the NAc core. Shock 

alone produced a decrease in fluorescence (“pause”) followed by an increase (“rebound”) 

in ACh-mediated fluorescence (Figure 3B), suggesting that ACh is released in a multi-

phasic pattern. This phasic pause and rebound has been observed in rewarding stimuli 

in other studies.37 Similar to D1-MSN calcium activity, increasing the intensity of the 

shock increased the amount of rebound ACh fluorescence following the shock without 

significantly changing the AUC of the pause, despite habituation to repeated shock (Figures 

3C and 3D). Unlike D1-MSNs, this ACh release habituated to the shock over repeated 

presentations (Figures 3C and 3D). Next to determine if the NK1 receptor was responsible 

for the rebound increase in ACh fluorescence, L-733,060 was injected (i.p.), and mice were 

exposed to random foot shocks at 0.6 mA. Antagonism of the NK1 receptor attenuated the 

increase in ACh-mediated fluorescence AUC during the rebound only (Figures 3E and 3G) 

and did not diminish habituation to the shock in the rebound condition (Figure 3G). These 
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results suggest that aversive stimuli increase ACh release via substance P after foot shock 

and that ACh release scales with the intensity of an aversive stimulus.

To determine how aversive-conditioned stimuli affect this signal, mice injected with GRAB-

ACh3.0 in the NAc core were run through fear conditioning. Three prominent phasic events 

were observed in ACh-mediated fluorescence: a response to the novel cue, a pause, and 

a rebound (Figure 3H). As in the condition of the shock alone, the rebound response 

was attenuating (Figure S3C). The rebound fluorescence, but not the other features, was 

significantly diminished in mice treated with L-733,060 compared with saline-injected 

mice (Figures 3I and 3J). During cue recall, ACh fluorescence was only increased at the 

termination of the cue in saline treated mice but was increased at the start of the cue 

and the termination of the cue in L-733,060-treated mice (Figures S3C and S3D). This 

increase in ACh fluorescence observed in L-733,060-treated mice is attenuated after the 

first presentation of the cue during cue recall (Figure S3D). This may suggest that the cue 

itself still appears to be novel to the mice with NK1 receptor antagonism. Interestingly, the 

rebound AUC significantly correlated with the time spent freezing to the cue during cue 

recall (Figure 3K). Overall, these results indicate that the increase in fluorescence following 

the shock is important for learning about cues predicting aversive foot shock.

Shock-induced ACh is important for learning about a conditioned aversive cue

To determine the necessity of NAc core ChAT cells are influencing learning about cues 

predicting foot shocks, we injected ChAT-Cre mice with an AAV-DIO-eNpHR3.0 or AAV-

DIO-eYFP construct and inhibited ChAT neurons at two different time points during fear 

conditioning to align inhibition to time windows of GRAB-ACh fluorescence: during the 

conditioning cue or immediately after the foot shock (Figure 4A). Inhibition of ChAT cells 

had no observed effects on locomotion (Figure S4). Mice that received inhibition during 

the cue showed no change in context or cue recall compared with eYFP controls (Figure 

4B). However, 5 s of inhibition of ChAT cells following the shock, during the observed 

rebound, significantly diminished freezing to cues predicting shocks (Figure 4C), suggesting 

ACh from ChAT neurons during the rebound condition is necessary for the full expression of 

aversive cue recall.

Substance P causes LTP of excitatory transmission on D2-MSNs through enhanced ACh 

release and activation of the muscarinic 1 receptor signaling pathway.22 This mechanism 

would provide a cell-type-specific mechanism for enhancing activity of D2-MSNs to either 

promote aversive outcomes or to facilitate learning about aversive stimuli. To first determine 

if aversive conditioning and subsequent ACh release acts through muscarinic 1 receptors 

on D2-MSNs, mice were implanted with cannulas in the NAc core and infused with the 

muscarinic 1 receptor-like antagonist pirenzepine (4 ng/μL, bilateral) prior to conditioning 

or prior to cue retrieval. Compared with saline infused controls, cue recall was suppressed 

when pirenzepine was infused prior to conditioning (Figure 4D) but not prior to cue recall 

(Figure 4E).
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Substance P promotes plasticity on D2-MSNs during cue-dependent aversive learning

D2-MSNs are likely to receive this excitatory muscarinic 1 receptor signaling more 

strongly, as D1-MSNs also express the inhibitory muscarinic 4 receptor, which could 

suppress this signaling. To determine if muscarinic 1 receptor plasticity occurred on D2-

MSNs in a substance P-dependent manner, we conditioned mice to a cue after injection 

with saline or L-733,060 and conducted whole-cell electrophysiology recordings 1 day 

after cue recall. Substance P-dependent LTP on D2-MSNs is induced primarily through 

insertion of GluR2-lacking AMPA receptors.22 These GluR2-lacking AMPA receptors 

are sensitive to intracellular peptides at positive membrane potentials and excitatory 

synaptic currents at positive potentials show inward rectification when these receptors have 

been inserted in the synaptic membrane. Therefore, we assessed inward rectification of 

electrically evoked excitatory postsynaptic currents (EPSCs), which would be suggestive 

of increased membrane insertion of GluR2-lacking AMPA receptors. Mice that received 

conditioning (cue + shock) displayed significant rectification at +40 mW compared with 

non-conditioned mice (cue only) (Figure 5A). Additionally, mice injected with L-733,060 

displayed no difference in rectification compared with non-conditioned mice, suggesting 

that suppressing substance P signaling was responsible for LTP observed on D2-MSNs 

(Figure 5A). As a secondary measure, we compared the sensitivity of electrically evoked 

currents on D2-MSNs from conditioned and non-conditioned mice to the selective GluR2-

lacking AMPA receptor antagonist 1-naphthyl acetyl spermine trihydrochloride (NASPM) 

(100 μM). NASPM significantly diminished currents in conditioned mice relative to non-

conditioned mice, verifying the presence of more GluR2-lacking AMPA receptors (Figure 

5B). Furthermore, amplitude, but not frequency of spontaneous EPSCs (sEPSCs) was 

increased on D2-MSNs (Figure 5C). Shock-only mice or context-only mice displayed no 

changes in inward rectification on D2-MSNs (Figure S4). D1-MSNs did not display inward 

rectification from any groups assayed (Figures 5D and S4). Results indicate signatures of 

substance P-dependent LTP are expressed selectively in D2-MSNs following cued aversive 

learning.

D2-MSN activity is necessary for recall of aversive-conditioned cues

If LTP is selectively expressed on D2-MSNs and is dependent on aversive cue associations, 

then it is likely that D2-MSNs are active in response to aversively conditioned cues. To 

verify this activity in real time and in vivo, A2a-cre mice were injected with AAV-DIO-

GCaMP7f in the NAc core and implanted with fibers for fiber photometry, A2a-Cre mice 

were injected with AAV-DIO-GCaMP7f and implanted with fibers for photometry (Figure 

6A) and subjected to 10 unpredictable foot shocks at various foot-shock intensities. D2-

MSNs responded similarly to all foot-shock intensities (Figure 6B), and L-733,060 did 

not alter D2-MSN calcium response to foot shock (Figure S6A). In contrast to D1-MSNs, 

D2-MSN calcium activity did not increase with increasing foot-shock intensity (Figure 6C), 

and responses were variable across shock events (Figure 6D). Like D1-MSNs, D2-MSNs 

responded to foot shock during conditioning but not the cue (Figure 6E). Unlike D1-MSNs, 

D2-MSNs were activated during cue recall (Figure 6F) in response to the associated 

aversive cue, and this signal did not habituate over repeated plays of the cue (Figure 

S6B). Furthermore, D2-MSN calcium activity did not increase in response to individual 

freezing events, suggesting that freezing alone did not explain D2-MSN calcium signals 
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(Figure S6C). To determine if NK1 receptors were required during conditioning to cause 

this increase to the cue, L-733,060 was injected in mice prior to conditioning. NK1 receptor 

antagonism did not affect D2-MSN calcium response to the shock during conditioning 

(Figure 6G). Next, mice conditioned in the presence of L-733,060 were exposed to 

conditioned cues. Photometry mice injected with L-733,060 showed significantly reduced 

freezing to the conditioned cue compared with saline-injected mice (Figure S6D). D2-MSN 

calcium activity did not increase in response to conditioned cues in L-733,060-treated mice 

(Figures 6H and 6I). In addition, AUC during the cue correlated with freezing (Figure 

6J). Taken together, this suggests that NK1 receptors are required for D2-MSN activity in 

response to conditioned aversive cues.

Next, to determine if D2-MSN activity was required for recall of associated cues, AAV-

DIO-eNpHR3.0 was injected, and fibers were implanted into the NAc of A2a-cre mice 

for selective optogenetic inhibition of D2-MSNs (Figure 6K). To compare the necessity of 

D2-MSNs to D1-MSNs in conditioning, mice received optogenetic inhibition of D2-MSNs 

during both cues during conditioning (Figure 6K). Surprisingly, inhibition of D2-MSNs 

during the cue in conditioning significantly diminished freezing in the context (Figure 6L). 

As expected, D2-MSN inhibition during conditioning had no effect on freezing to cues 

during cue recall when D2-MSNs were not inhibited (Figure 6M). Despite this, inhibition 

of D2-MSNs during cue recall diminished freezing (Figure 6M), suggesting that D2-MSNs 

are required for the full expression of freezing to aversively conditioned cues. To test this 

outcome without the potential confounds of inhibition during cue conditioning, D2-MSNs 

were inhibited during the 10 s cue on every other cue (Figure 6N). D2-MSN inhibition 

reversibly inhibited freezing to the cue (Figure 6O) without affecting freezing to the context 

(Figure 6N). This suppression in freezing was not dependent on locomotor effects (Figures 

S6E and S6F). Taken together, associative aversive stimuli promote activity of D2-MSNs 

in response to associative cues and this response is required expression of cue-dependent 

aversive learning.

DISCUSSION

Our work has demonstrated a di-synaptic, local circuit within the NAc core that is critical 

for processing aversive cues, with necessary roles for NAc core D1-MSN and D2-MSN 

activity at different stages of learning and recall (Figure 7). Although the activity does not 

appear to be required for the full expression of the fear behavior, activity of these subtypes 

significantly modulates the overall expression of the cue-dependent behavior, suggesting 

that it does indeed play a critical role in learning. We have shown that D1-MSN activity 

and substance P are required for learning during cue-dependent aversive conditioning and 

that D2-MSNs are required for recall of conditioned cues. This D2-MSN activity change 

is likely due to excitatory LTP22 produced through muscarinic receptor activation, which 

would enhance the likelihood of D2-MSN activation during excitatory input that encodes 

salient stimuli. Overall, our results provide evidence for the involvement of the NAc core in 

Pavlovian learning that might support later motivated output.

This work is consistent with previous studies showing MSNs respond to different aspects 

of associative reward conditions, in which D1-MSNs respond to outcomes and D2-MSNs 
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respond to associative cues.21 We found similar outcomes in response to an aversive 

stimulus, in which D2-MSNs were active in response to a learned cue but not to novel 

cues and D1-MSNs were active in response to the shock alone. Together these findings 

indicate that MSN subtypes are responding to salient events, including rewarding events, 

further supporting the hypothesis that the NAc core supports learning about salient 

cues.1 Furthermore, the duration of MSN subtype responses is temporally different in 

both rewarding21 and aversive-associated stimuli. D1-MSNs rapidly respond to the non-

associative, salient stimuli, and D2-MSNs tend to display extended activity following 

associative cue presentation. We speculate that D2-MSNs may be actively engaged in either 

retaining expression of the learned association or suppressing additional associations. More 

work will be needed to test the temporal nature of D1-MSN and D2-MSN activity in 

response to associative conditioning and learning.

We provide a role for D1-MSNs and the neuropeptide substance P in mediating aversive 

learning. D1-MSNs are thought to facilitate reward; however, the data presented here 

and data from others assessing activity in the NAc core38,39 and NAc shell40,41 suggest 

that aversive stimuli activate D1-MSNs. Our data indicate that this activity participates in 

associative learning through the release of peptides, activation of cholinergic neurons, and 

release of ACh. Interestingly, scaling up D1-MSN activity appears to scale ACh release, 

which is consistent with increasing substance P levels.22 Although ACh may act as an 

attentional signal facilitating the salience of associative stimuli,42,43 we have discovered 

that substance P works upstream to promote ChAT activation, ACh release, and plasticity 

on D2-MSNs, which may be dependent on the concentration of neuromodulator release 

in response to scaled stress. This plasticity facilitates information transfer from excitatory 

brain regions to the NAc core. As the effect of substance P and ACh plasticity is cue 

dependent but not context dependent, it is likely that extensive excitatory projections arising 

from limbic regions that are involved in Pavlovian conditioning, including the basolateral 

amygdala44,45 or other regions involved in aversion, such as the paraventricular thalamus,46 

may facilitate this D2-MSN activity during cue recall. In contrast, strong projections to 

D1-MSNs from the ventral hippocampus40,47 may facilitate D1-MSN activity for substance 

P release. Future experiments will be needed to assess what inputs undergo substance P, 

ACh-dependent potentiation.

Our work shows ACh release plays a significant role in aversive learning, and its release 

is likely driven by substance P/NK1 receptor signaling. This could result from varying the 

upstream activity of D1-MSNs, subsequent substance P release, and the activation of ChAT 

neurons. Our previous work has shown that the activity of ChAT cells can be graded by 

varying concentration of substance P.22 We demonstrated that D1-MSN activity increases 

with foot-shock intensity, likely leading to increasing putative substance P release, and this 

might be a method of grading ACh release and learning or response to an aversive stimulus. 

Other factors are likely contributing to this effect as well. We cannot rule out the role of 

dopamine input via D2 receptors,37 midbrain GABA input,48 thalamic input,49 intrinsic 

inhibition,50 or other mechanisms in generation of these cue-dependent outcomes. In fact, 

substance P and ChAT ACh is known to promote dopamine release.51–54 Dopamine release 

could accompany the increase in ACh observed in response to novelty55 or initial phasic 
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transients of foot shock. Therefore, selective plasticity could occur because of coordinated 

ACh and dopamine release during learning.

Despite a non-habituating D1-MSN calcium signal following repeated foot shocks, the 

observed ACh signal habituated to repeated foot shocks. After binding of substance P to 

the NK1 receptor and activation, rapid beta-arrestin-mediated endocytosis occurs56,57 and 

attenuates additional responses to substance P for 5–15 min.22,35,56 At this point, NK1 

receptor activation of ChAT cells would be less sensitive to substance P, thereby decreasing 

the size of the signal. Therefore, as we observed the ACh release to be NK1 receptor 

dependent, we predict the habituation of the signal from shock 1 to shock 10 is due to NK1 

receptor internalization. This, along with the NK1 receptor antagonist attenuation of the 

ACh signal, indicates the increase in ACh release is most likely due to release of substance 

P and activation of the NK1 receptor on ChAT neurons. Such a mechanism may suppress 

the likelihood of additional stimuli promoting plasticity that underlies associative learning. 

In addition, the D2-MSN foot shock signal is also rapidly attenuated and much smaller 

after repeated shocks. Mice required only two cue-shock pairings for associating, perhaps 

indicating that the plasticity on D2-MSNs occurs quickly, within the first few associations. 

This may further suggest that particularly salient stimuli can produce this plasticity rapidly.

One curious aspect of the findings is that the activity observed in D1-MSNs, D2-MSNs, and 

ACh is induced by foot shock alone. It is likely the release of substance P and subsequently 

ACh interacts with other input on D2-MSNs to promote plasticity. This may include activity 

from glutamatergic inputs and ventral tegmental area dopamine. In fact, some evidence 

suggests that the pause in cholinergic neurons is partially mediated by dopamine input 

to the striatum37 and that NAc D2-MSN spine dynamics in response to learned cues 

are dependent on dopamine.16,50 Furthermore, coordinated pre-synaptic and postsynaptic 

activity via glutamatergic input and muscarinic 1 receptor signaling on D2-MSNs may 

provide a window for spike-timing-dependent plasticity. These secondary sources may also 

explain the difference in the role of D2-MSNs in contextual and cue recall, as inhibition of 

D2-MSNs during conditioning suppressed context recall as well. These other sources will 

need to be investigated in future studies to fully understand the mechanisms that drive these 

outcomes.

Overall, we demonstrate that substance P signaling and plasticity in the NAc core are 

critical for learning about salient, aversive cues. We describe a role for D1-MSN local 

communication to facilitate ACh plasticity on D2-MSNs that is relevant to cue-dependent 

aversive learning. Enhanced processing of salient stimuli, through this substance P and D2-

MSN mechanism, could lead to exacerbated response to aversive stimuli and could enhance 

susceptibility to aversive stimuli that cause stress or anxiety disorders. Therefore, targeting 

these neurobiological mechanisms may be useful in therapies aiming to treat anxiety and 

mood disorders.

Limitations of the study

We found that NAc core substance P signaling is partially responsible for cue-dependent 

fear learning. These outcomes are driven by D1-MSN activity, NK1 receptor signaling, 

and ACh-dependent plasticity on D2-MSNs. We predict that the reasons for only a partial 
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response are due to several factors, including (1) spatial restriction of knockdown or 

pharmacological antagonism in the NAc, (2) the differing action of NK1 receptors in 

other fear-related regions following systemic antagonist administration experiments, and 

(3) a limited modulatory role of the NAc core in learning and likely a more robust effect 

on later motivational outcomes, which were not tested. Despite the partial effect, we still 

found moderate to strong correlations between measures of activity and freezing behavior, 

suggesting that the NAc core plays an important role in cue-dependent fear learning. In 

addition, experiments were conducted to directly test the necessity of ChAT-expressing 

NK1 receptors for this learning but only indirectly tested substance P release. Because 

of the lack of viable fluorescent sensors for substance P or slow temporal measurements 

by microdialysis, we are unable to definitively state that substance P is being released 

during these tasks. Last, although our work has shown MSN subtypes are necessary for 

fear learning, additional aversion-related tasks are required to expand these findings to more 

generalized aversive outcomes, particularly in active avoidance or punishment, which are 

known to be a feature of D2-MSN activity.6–15

STAR★METHODS

RESOURCE AVAILABILITY

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

be directed to and will be fulfilled by the lead contact, T. Chase Francis 

(francit@mailbox.sc.edu).

Materials availability

• Plasmids generated in this study have been deposited to Addgene (pOTTC1553, 

Cat #: 131682; pOTTC1642, Cat #: 195018) and are publicly available as of the 

date of publication.

Data and code availability

• All photometry and behavioral data have been deposited at the Open Science 

Framework platform as of the date of publication. The DOI is listed in the Key 

resources table. Microscopy data will be shared by the lead contact upon request.

• Python scripts for extraction of behavioral event-related calcium and 

acetylcholine changes are available through GitHub.com. The DOI is listed in 

the Key resources table. In some cases, ezTrack was used to quantify freezing 

behavior and locomotion and can be found on GitHub (https://github.com/

denisecailab/ezTrack)60.

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

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Female and male mice 10–15 weeks old were used in all studies. For 

GRAB-ACh3.0 virus, cannula infusion experiments, and systemic drug injections without 

imaging or electrophysiology, C57Bl6/J mice (JAX: 000664) were used. For optogenetic 
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inhibition experiments either B6; 129S-Pdyntm1.1(cre)Mjkr/LowlJ (Dyn-Cre; JAX: 027958) 

or Tg(Adora2a-cre)KG139Gsat/Mmucd (A2a-Cre; MMRRC: 031168-UCD). For CRISPR-

Cas9 experiments, B6; 129-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J (LSL-Cas9; 

JAX: 024857) mice were crossed with B6; 129S6-Chattm2(cre)Lowl/J (ChAT-Cre) mice 

for conditional expression of Cas9 in ChAT-Cre cells. All transgenic animals were bred 

in house. Mice were fed ad libitum and were housed in a reverse light/dark (12/12 h). 

Experimental procedures were approved and conducted in accordance with NIDA-IRP 

ACUC, University of South Carolina IACUC, and NIH guidelines.

METHOD DETAILS

Surgical methods—Mice used in fluorescence imaging, optogenetic, or CRISPR 

knockdown experiments were anesthetized with ketamine/xylazine for intracranial AAV 

injection, hair was removed, scalps were cleaned with ethanol and betadine, and 

lidocaine was used prior to scalp incision. Body temperature was maintained with 

an electric heating pad. Mice received bilateral stereotactic injections (0.3–0.5 μL) 

of either AAV9-hsyn-GRAB-ACh3.0 (Addgene; plasmid# 121922; packaged by Vigene 

Biosciences),36 AAV9-syn-FLEX-jGCaMP7f (Addgene; 104492-AAV9), AAV5-EF1a-DIO-

eNpHR3.0-eYFP (Addgene; 26966-AAV5), or AAV1-mU6-Tac1r-gRNA1EF1a-NucEnv-

EGFPhU6-Tacr1-gRNA2 in the NAc core (created and packaged by NIDA GEVVC Core) 

(A/P: 1.6, Lat: 1.6, D/V: −4.4, 10° angle). For photometry or optogenetics, mice were then 

implanted with either a 400 μm photometry fiber (Doric) or 200 μm core optogenetic fiber 

fixed with head screws and dental cement. Following surgery, mice were injected with warm 

saline to replenish fluids and given carprofen (5 mg/kg) for pain relief during recovery.

In vivo fiber photometry, ex vivo imaging, and in vivo optogenetics—In vivo 
fiber photometry was used to assess cell-type specific calcium activity (GCaMP7f) or 

acetylcholine release (GRAB-ACh3.0) using a Tucker-Davis Technologies LUX RZ10 fiber 

photometry system. Signals were tested and mice were habituated for 3–5 days prior 

behavioral recordings. For all recordings, sensors were excited at 470 nm to acquire the 

fluorescent emission signal and the isosbestic point for GFP at 405 nm as a normalization 

control. Excitation signals were generated by two light-emitting diodes and emission signals 

were collimated through a Doric fluorescent mini cube before being processed and digitized 

using the Synapse software suite. Analysis was performed offline using a custom Python 

script which extracted fluorescent signals, smoothed the signal with a linear fit to the 405 

nm signal and applying the regression to the 470 nm signal, calculated ΔF/F, aligned signals 

based on a timestamp, extracted fluorescent signals around events, and normalized signals 

(Z score) based on the 10 s prior to an event. Area Under the Curve (AUC) was assessed to 

find mean changes in calcium or acetylcholine activity. The following intervals were used 

for AUC calculation in the described experiment: for foot shock during fear conditioning or 

during shock alone, 0–5 s from the initiation of the shock; for cue recall, 0–10 s from the 

start of the cue; for shock-related decrease in ACh-mediated fluorescence, 0.5–2 s after from 

the initiation of the shock; for shock-related rebound in ACh-mediated fluorescence, 2.5 to 7 

s from the initiation of the shock.
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For ex vivo imaging of GRAB-ACh3.0, slices were prepared as discussed in the 

electrophysiology methods section. Acetylcholine (1 or 100 μM) was bath applied after 

a 2 min baseline. Videos were acquired with a 40× objective at a 10 Hz frame rate using 

QCapturePro7 and analyzed offline with ImageJ. A subregion 100 × 100 μm devoid of fiber 

tracts in the NAc core was chosen in each image and analyzed for fluorescence intensity 

over time. Fluorescence traces were flattened using a linear regression fit and normalized (Z 
score) to the 1 min prior to acetylcholine bath application.

For optogenetic inhibition experiments, mice were habituated to patch cables 5 days prior 

to behavior. Percent transmission was calculated during creation of optogenetic fibers and 

594 nm light was delivered at 3–5 mW from a DPSS laser (OptoEngine LLC). Optogenetic 

inhibition was delivered during the onset of the cue and 1 s after the offset of the cue for all 

conditioning cues and on every other cue during cue recall.

Behavior—Pavlovian fear conditioning was conducted over a 3 day period (Figure 1A) in 

Med Associates Fear conditioning chambers contained in sound attenuating cabinets. Prior 

to each phase of fear conditioning, mice were habituated in a separate room for at least 

1 h in the lighting condition of the test. Conditioning was conducted in white light with 

vanilla scent (10% vanilla extract in ethanol) chamber with a grid floor. Following a 2 min 

baseline, 2 white-noise (80 dB) cues co-terminating in a 0.6 mA foot shock separated by a 

30 s interval. The next day mice were exposed to the conditioning context for 5 min. On 

the third day, mice were placed in a new context where floors were covered with white, 

opaque plexiglass, a curved white plexiglass insert, no light (red light in behavior room), and 

vinegar scent (1% acetic acid in water). After a 2 min baseline, 5–6 cues at 30 s intervals 

were played back. In all tests, freezing was measured using VideoFreeze (Med Associates), 

which has been thoroughly validated in relation to hand scoring.61 Freezing thresholds were 

set at least 30, 0.033 s frames of frozen motion and motion indices below 6 for mice without 

fiber or optogenetic tethers and below 500 for mice with optical tethers. For mice exposed 

to foot shock only, after a 2 min baseline each mouse was exposed to an unpredictable foot 

shock set to random intervals at least 30 s between each shock. Mice received one intensity 

of foot shock per day, and each subsequent day were subjected to increasing foot shock 

intensities or decreasing foot shock intensities to control for previous foot shock intensities 

from interfering with the signal for any subsequent foot shock.

Electrophysiology—Whole-cell electrophysiological recordings were done one day 

following cue recall. Mice were anesthetized with Euthasol, brains were extracted, and 

cut (300 μm) in ice-cold N-Methyl D-Glucamine (NMDG) cutting artificial cerebrospinal 

fluid (ACSF) solution (in mM): 92 NMDG, 20 HEPES, 25 glucose, 30 sodium bicarbonate, 

1.2 sodium phosphate, 2.5 potassium chloride, 5 sodium ascorbate, 3 sodium pyruvate, 

2 thiourea, 10 magnesium, 0.5 calcium chloride, osmolarity 305–310 mOsm, pH 7.34. 

Immediately after slicing, slices were placed in warm (32°C) NMDG solution for 2–5 min, 

then transferred to HEPES holding solution at room temperature which was the same as 

NMDG solution except NMDG was replaced with 92 mM sodium chloride and contained 

1 mM magnesium chloride and 2 mM calcium chloride. Recording began 1 h after brain 

slicing was complete and was performed at 33°C. Slices were perfused at a rate of 2 mL/min 

Belilos et al. Page 13

Cell Rep. Author manuscript; available in PMC 2024 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with ACSF (in mM): 125 sodium chloride, 26 sodium bicarbonate, and 11 glucose, 2.5 

potassium chloride, 1.25 sodium phosphate, 2.4 calcium chloride, 1 magnesium chloride, 

osmolarity 305–310 mOsm, pH 7.34. To block inhibitory currents, synaptic recordings were 

done holding cells at −70 mV in the presence of picrotoxin (100 μM) and with a cesium 

methanesulfonate internal solution (in mM): 117 cesium methanesulfanate, 20 HEPES, 2.8 

sodium chloride, 4 magnesium ATP, 0.3 sodium GTP, 0.4 EGTA, pH 7.30, osmolarity 

280–287 mOsm. For IV curves, spermine (100 mM) was added to the pipette solution and 

currents were recorded in the presence of APV to isolate AMPA receptor currents. NASPM 

(100 μM) was used to isolate currents from inserted GluR2-lacking AMPA receptors. For 

cell-attached ChAT recordings, ACSF was used as the internal solution.

Whole-cell currents or cell attached currents were obtained with borosilicate glass pipettes 

(whole cell: 1.7–3.0 MΩ; cell attached: 3.0–4.0 MΩ) and signals were amplified and 

digitized using a Multiclamp 700B amplifier (4 kHz low-pass filter for evoked synaptic 

input, 1 kHz for cell-attached or spontaneous EPSCs) and Digidata 1322 digitizer (10 kHz), 

respectively (Molecular Devices). Synaptic currents were evoked with a concentric bipolar 

stimulating electrode (FHC) and evoked currents were stabilized for 5–10 min prior to data 

acquisition. Series resistance drifts of more than 20% led to exclusion of the cell from 

analysis. D1-and D2-MSNs were identified under the visual guidance of a BX61 Olympus 

microscope and Tdtomato fluorescence. Cholinergic neurons were identified by cell size 

(40–60 μm diameters) and high baseline firing rates.

CRISPR-Cas9 for Tacr1 knockout—The SpCas9 guide RNA seed sequences within 

the first exon of mouse TACR1 were identified and scored using the Guide Design 

Tool at CRISPR.mit.edu. Two gRNAs (gRNA 1 A55: CCGTATAGGCGGCTGCCCAA, 

and gRNA 2 B108: TTCCGTGGTGGGCAACGTAG) were chosen based on their 

likelihood for functioning as a “nickase-compatible” pair. These sequences were 

inserted into plasmids already containing RNA pol III promoters and SpCas9 gRNA 

scaffold sequences. (gifts from Charles Gersbach; Addgene plasmid # 53187; http://

n2t.net/addgene:53187; RRID:Addgene_53187, Addgene plasmid # 53188; http://n2t.net/

addgene:53188; RRID:Addgene_53188). Then each intact gRNA expression cassette was 

amplified by PCR and both were inserted into an AAV expression vector that contained a 

EGFP-KASH reporter (pOTTC1553, Addgene #131682), resulting in plasmid pOTTC1642 

(Addgene #195018). All cloning reactions used PCR amplification and ligation-independent 

cloning (In-Fusion, Takara Inc.). Reactions involving non-AAV plasmids were transformed 

into Stellar competent cells (Takara Inc.) and those involving AAV plasmids were 

transformed into NEB Stable competent cells (New England Biolabs).

The pOTTC1642 viral vector was packaged by triple transfection along with pHelper 

and rep/cap plasmids (serotype 1) and purified by affinity chromatography on GE AVB 

columns.62 Purified vectors were titered by droplet digital PCR with an assay that 

recognizes the EF1a reporter. Titered vectors were tested for GFP expression by transduction 

into rat primary cortical neurons prior to in vivo use.

Immunohistochemistry and in situ hybridization—Expression of GRAB-ACh3.0 or 

eNpHR3.0-eYFP was identified by histological staining for GFP. Briefly, brains slices (40 
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μm) from perfused (4% paraformaldehyde) brains were washed with 1X PBS, blocked with 

1X PBS buffer containing 0.01% Triton X-, 10% Normal Donkey Serum and incubated 

with a primary anti-body for GFP made in chicken (Aves lab, cat#: GFP-1020). Slices were 

washed and incubated with a secondary anti-chicken antibody made in donkey conjugated 

to Alexa Fluor 488 (Jackson immuno, cat#: 703-545-155), stained with DAPI and mounted 

on slides. All images were acquired on a Fluoview 1000 BX51WI confocal microscope 

(Olympus).

In situ hybridization was performed on fresh frozen 16 μm slices according to the ACDBio 

specifications for assay kit V1.22 Slices were mounted on slides, dehydrated, and washed 

and treated with protease. Probes were hybridized and amplified at 40°C using AMP1–4 

with washes in between each amplification step. AMP 4 Alt A was used to link amplified 

probes to fluorescent molecules. EGFP-KASH maintained its fluorescence through the 

protocol. The probes used were as follows: Chat (Mm-Chat-C1 (nucleotide target region 

1090–1952), GenBank #: NM_009891.2); Tacr1 (Mm-Tacr1-C3 (nucleotide target region 

845–1775), GenBank #: NM_009313.5). All images were taken within a week of the 

protocol and image intensities were maintained across slices and slides. Quantification 

was done in the NAc core, where EGFP-KASH expression was found. Due to the cre-

independent expression of EGFP-KASH and expression of GFP in ChAT cells, we were 

unable to specifically identify cells with or without expression and, therefore, all Chat 
positive cells in the expression region were analyzed. RNA was quantified using ImageJ 

by selecting 10 individual pixel values for every image and averaging to find the intensity 

values of a single RNA puncta. Intensity values of Tacr1 in ChAT positive cells were 

assessed by selecting perinuclear RNA, quantifying intensity, and dividing the total intensity 

by the intensity of a single puncta value to calculate total RNA puncta. A total of 4 slices 

from each animal was taken and averaged. Slice averages are represented as individual 

points.

QUANTIFICATION AND STATISTICAL ANALYSIS

Detailed statistics can be found in Table S1. Data were analyzed and statistics were 

calculated using Graphpad Prism. Tests were considered significant if p < 0.05. For two-

sample data, two-sided, un-paired or paired t tests were used. For more than 2 variables 

over repeated time points one-way or two-way repeated measure (RM) ANOVAs were 

used followed by post-hoc tests using Sidak’s multiple comparison test. In most cases 

with an interaction, main effects were reported. For electrophysiology experiments, all are 

represented as N/n (Mice/cells). Animal exclusions for behavioral experiments were made 

only when viral expression was absent unilaterally or bilaterally following histological 

validation. All data are represented as Mean ± standard error. Cartoons were made using 

BioRender during the subscription period.

Supplementary Material

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

• Aversive stimuli activate D1-MSNs and D2-MSNs and promote acetylcholine 

release

• D1-MSN substance P is necessary for cue-dependent aversive learning

• Excitatory LTP on D2-MSNs caused by aversive cues requires substance P 

signaling

• D2-MSN activity is necessary for cue-dependent recall of aversive cues
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Figure 1. NAc substance P (SP) signaling is required for cue-dependent aversive learning
(A) Fear conditioning paradigm for aversive learning.

(B) Injection of the NK1 receptor antagonist L-733,060 (10 mg/kg) or saline was given prior 

to conditioning. NK1 receptor antagonist suppressed freezing in response to the cue during 

cue recall (p < 0.001), and no difference in freezing was observed in the context (p > 0.05) 

(n = 20 and 22 mice).

(C) L-733,060 prior to cue recall does not change the percentage of time freezing to 

conditioned cues (p > 0.05) (n = 7 and 8 mice).

(D) Fluorescent image of EGFP-KASH expression in the NAc core. Scale bar, 100 μm. 

Inset: expression of EGFP-KASH (green), Chat RNA (red), Tacr1 RNA (gray/white), and 

DAPI (blue). CRISPR-Cas9-mediated knockout of Tacr1 decreased measured Tacr1 RNA 

puncta in Chat RNA-positive cells (p < 0.001) but not Chat RNA-negative cells (p > 0.05) (n 

= 4 mice per group).

(E) Graph and representative traces showing Cas9 and Tacr1-gRNA was required to suppress 

SP-dependent activation of ChAT cells (interaction p < 0.0001; post hoc baseline vs. SP 

ChAT-Cre/Cas9Tacr1 p > 0.05, mice/cells [N/n] = 4/10; baseline vs. SP ChAT-CreTacr1, 

ChAT-Cre/Cas9, or ChAT-Cre p < 0.0001) (N/n = 4/9, 4/8, and 3/7).
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(F) Tacr1 knockout decreased freezing to the cue (p < 0.001) but not the conditioning 

context (p > 0.05) (n = 15 and 13 mice).

(G) Local NAc infusion of L-733,060 during conditioning suppressed freezing to 

conditioned cues (p < 0.01) but not the conditioned context (p > 0.05) (n = 7 and 8 mice).

Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

For detailed statistics see Table S1. See also Figure S1.
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Figure 2. D1-MSN activity is required for cue-dependent conditioning
(A) Representation of a Dyn-Cre mouse injected with the calcium indicator GCaMP7f and a 

representative image of its expression in the NAc core with a fiber track. Scale bar, 200 μm.

(B) Heatmaps and time plots representing average Z scores of D1-MSN calcium-driven 

fluorescence over increasing foot-shock intensity (0.1–1.0 mA).

(C) AUC from GCaMP7f fluorescent signals increased with shock intensity (interaction p < 

0.0001, n = 8–10 mice per shock intensity).

(D) No difference was observed across individual shock trials at 0.6 mA (p > 0.05, n = 10 

mice).

(E) Averaged Z score D1-MSN calcium activity during fear conditioning.

(F) Average Z score D1-MSN calcium activity in response to the condition cue during cue 

recall.

(G) Conditioning foot-shock intensity increasingly enhances freezing to the cue during recall 

(p < 0.0001).

(H) AUC of the D1-MSN GCaMP7f signal significantly correlates with freezing to the cue 

during recall (p < 0.01) (n = 5–13 mice per group).
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(I) Expression of eNpHR3.0-eYFP, fiber track for optogenetic inhibition of the NAc core, 

and cartoon displaying bilateral implantation and expression of the optogenetic construct in 

mice.

(J) Inhibition of D1-MSNs during the cue in conditioning suppressed later cue recall (p < 

0.01) but did not affect context recall (p > 0.05) (n = 11 and 10 mice).

(K) Halorhodopsin inhibition of D1-MSNs during cue recall had no effect on subsequent 

context recall.

(L) Inhibition of D1-MSNs during cue recall had no effect on freezing (laser off vs. on, p > 

0.05) (n = 9 and 10 mice).

Data are represented as mean ± SEM. **p < 0.01. For detailed statistics see Table S1. See 

also Figure S2.
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Figure 3. Acetylcholine release during foot shock is substance P dependent
(A) Representative image of GRAB-ACh3.0 expression in the NAc core and cartoon of fiber 

placement.

(B) Heatmaps and time courses of fluorescent GRAB-ACh3.0 signals from 10 random foot 

shocks at intensities of 0.1–1.0 mA amplitudes. Time courses are taken from average Z 
scores from shock 1 and shock 10.

(C and D) AUC measurement of acetylcholine release at varying shock intensities for 

shock 1 and shock 10. (C) No differences were observed during the AUC (inverse to make 
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positive) during pauses in acetylcholine-mediated GRAB-ACh3.0 fluorescence across shock 

intensities or repeated shocks (p > 0.05). (D) Acetylcholine release varied across both AUC 

and shock intensity during the post-shock rebound (cue 1 vs. cue 10, p < 0.05) (n = 9 mice).

(E) Heatmap and time course of GRAB-ACh3.0 fluorescent response after L-733,060 

administration.

(F) L-733,060 had no effect on the size of the pause across shocks (p > 0.05).

(G) NK1 receptor antagonism suppressed AUC of the acetylcholine signal varied across both 

drug treatment (AUC saline vs. L-733,060 during cue 1, p < 0.05) and shock presentation 

(cue 1 vs. cue 10, p < 0.05) (n = 5 and 6 mice).

(H and I) Phasic changes in GRAB-ACh3.0 fluorescence during aversive cue conditioning in 

saline- and L-733,060-treated mice.

(J) L-733,060 significantly decreases the rebound AUC GRAB-ACh3.0 fluorescence during 

cue conditioning (p < 0.05, n = 8 and 12).

(K) The AUC during the rebound in conditioning significantly correlated with percentage 

freezing to the cue during recall (p < 0.01, n = 12 mice).

Data are represented as mean ± SEM. For detailed statistics see Table S1. *p < 0.05. See 

also Figure S3.
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Figure 4. ChAT-mediated cholinergic signaling is required for cue-dependent aversive learning
(A) Expression of halorhodopsin in ChAT cells in the NAc core. Schematic showing 

inhibition paradigms: during the cue in conditioning or after the shock and cue during 

conditioning.

(B) ChAT inhibition during the cue had no effect on context or cue recall (p > 0.05, n = 6 

mice per group).

(C) Inhibition of ChAT cells following the cue and shock during conditioning significantly 

decreased freezing to the cue during recall (p < 0.001) but did not affect context recall (p > 

0.05) (n = 5 and 9).

(D) Selective infusion of the muscarinic 1 receptor antagonist pirenzepine (bilateral) prior to 

conditioning suppressed cue-dependent (p < 0.01) but not conditioning context-dependent (p 

> 0.05) freezing (n = 10 and 9).

(E) Infusion of pirenzepine prior to cue recall had no effect on freezing (p > 0.05) in mice 

showing similar context recall (n = 6 and 7).

Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001. For detailed statistics see 

Table S1. See also Figure S4.
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Figure 5. Excitatory plasticity on D2-MSNs is caused by cue-dependent aversive learning
(A) Cue/shock conditioning enhanced inward rectification of the I-V curve generated from 

electrically evoke excitatory currents on D2-MSNs (interaction p < 0.001) from the cue/

shock group compared with cue only (post hoc p < 0.05) and cue/shock with L-733,060 

(post hoc p < 0.05). Rectification index indicated more rectification for D2-MSNs from 

cue/shock mice (interaction p < 0.01) compared with cue only (post hoc p < 0.01) and 

cue/shock with L-733,060 (post hoc, p < 0.05) (N/n [mice/cells] = 5/10, 5/10, and 4/7).

(B) NASPM suppressed currents more from D2-MSNs from cue/shock mice compared with 

cue only mice (25–30 min average, p < 0.05) (N/n = 4/6 and 4/5).

(C) Spontaneous excitatory postsynaptic current (sEPSC) amplitude (p < 0.05) but not 

frequency (p > 0.05) is increased in D2-MSNs following fear conditioning (N/n = 6/14, 5/9, 

and 4/7).

(D) D1-MSNs do not show inward rectification across conditions (p > 0.05) (N/n = 6/8, 4/9, 

and 4/5).

Data are represented as mean ± SEM. *p < 0.05, **p < 0.01. For detailed statistics see Table 

S1. See also Figure S5.
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Figure 6. D2-MSNs are required for cue-dependent aversive learning
(A) A cartoon of an A2a-Cre mouse injected with the calcium indicator GCaMP7f and a 

representative image of its expression in the NAc core with a fiber track. Scale bar, 200 μm.

(B) Heatmaps and time plots representing average Z scores of D2-MSN calcium-driven 

fluorescence over increasing foot-shock intensity (0.1–1.0 mA).

(C) AUC of an average of all 10 foot shocks indicated was no change in response across 

foot-shock intensity (p > 0.05).

(D) AUC fluorescence from D2-MSN GCaMP7f does not change across all foot shock trials 

at 0.6 mA intensity (p > 0.05) (n = 10 mice).

(E) D2-MSNs responded to the first conditioning shock but not the cue.

(F) Following conditioning, calcium signals from D2-MSNs were responsive to the 

conditioned cue.

(G) D2-MSN calcium signals responded to the foot shock during conditioning after being 

injected with L-733,060.
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(H) Cue-driven calcium transients from D2-MSNs were not observed in mice injected with 

L-733,060.

(I) AUC fluorescent transients during cue recall from mice expressing GCaMP7f in D2-

MSNs were larger than in mice expressing GCaMP7f in D1-MSNs (p < 0.01) and in mice 

injected with L-733,060 expressing GCaMP7f in D2-MSNs (p < 0.05) (n = 11, 8, and 8 

mice).

(J) AUC during the cue significantly correlated with freezing to the cue (p < 0.05, n = 8 and 

8 mice).

(K) eNpHR3.0-eYFP expression in D2-MSNs within the NAc core and cartoon depicting 

bilateral inhibition of the NAc core.

(L) Inhibition of D2-MSNs during the cue in conditioning decreased freezing during context 

recall (p < 0.05).

(M) Inhibition of D2-MSNs reversibly suppressed freezing to recalled cues (over cues p < 

0.01; laser off vs. on p < 0.01; post hoc laser on eYFP vs. eNpHR3.0 p < 0.01) (n = 8 and 8 

mice).

(N and O) Inhibition of D2-MSNs reversibly suppressed freezing to recalled cues (over cues 

p < 0.01; laser off vs. on p < 0.0001; post hoc laser on eYFP vs. eNpHR3.0 p < 0.05) in mice 

that showed no difference in context recall (p < 0.05) (n = 9 and 6 mice).

Data are represented as mean ± SEM. *p < 0.05, **p < 0.01. For detailed statistics see Table 

S1. See also Figure S6.
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Figure 7. Model for the role of the NAc core in cue-dependent fear learning
NAc circuitry involved in aversive cue learning (left). Shock activates D1-MSNs releasing 

substance P and activating ChAT neurons. ChAT neurons release acetylcholine selectively 

during cue/shock pairings and promotes glutamatergic long-term potentiation (LTP) on D2-

MSNs rendering them more responsive to the cue. Timing of putative activity and release of 

neurotransmitters from NAc neuronal subtypes during cue conditioning and recall (right).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Green Fluorescent Protein Chicken Aves Labs RRID: AB_10000240; Cat #: GFP-1020

Alexa Fluor 488 Anti-Chicken Jackson Immuno RRID: AB_2340375; Cat #: 703–545-155

Bacterial and virus strains

AAV9-hsyn-GRAB_ACh3.0 Vigene N/A

AAV5-Ef1a-DIO-eNpHR3.0-eYFP Gradinaru et al.58 Addgene, Cat #: 26966-AAV5

AAV9- syn-FLEX-jGCaMP7f Dana et al.59 Addgene, Cat #: 104492-AAV9

AAV1-mU6-Tac1r-gRNA1:EF1a-NucEnv-EGFP:hU6-Tacr1-
gRNA2

This paper NIDA GEVVC Core, OTTC-VR-18–014

Chemicals, peptides, and recombinant proteins

L-733,060 hydrochloride Tocris Cat #: 1145

NASPM trihydrochloride Tocris Cat #: 2766

Pirenzepine dihydrochloride Tocris Cat #: 1071

Spermine tetrahydrochloride Tocris Cat #: S2876

Picrotoxin Abcam Cat #: ab120315

APV (DL-AP5) sodium salt Tocris Cat #: 3693

Critical commercial assays

RNAscope multiplex fluorescent manual assay V1 ACD Bio Cat #: 320850

Deposited data

Raw and analyzed data This paper DOI: 10.17605/OSF.IO/4FE3M

Experimental models: Cell lines

Stellar competent cells Takara Inc Cat #: 636763

NEB Stable competent cells New England Biolabs Cat #: C3040H

Experimental models: Organisms/strains

B6; 129S-Pdyntm1.1(cre)Mjkr/LowlJ (Dyn-Cre) Jackson Laboratories Stock #: 027958

Tg(Adora2a-cre)KG139Gsat/Mmucd (A2a-Cre) Mutant Mouse Resource and 
Research Centers (MMRRC)

Stock #: 031168-UCD

B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai9) Jackson Laboratories Stock #: 007909

C57BL/6J Jackson Laboratories Stock #: 000664

B6; 129S6-Chattm2(cre)Lowl/J (ChAT-IRES-Cre) Jackson Laboratories Stock #: 006410

B6J.129(B6N)-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J Jackson Laboratories Stock #: 026175

Oligonucleotides

Mm-Tacr1-C3 (nucleotide target region 845–1775) ACD Bio GenBank #: NM_009313.5
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mm-Chat-C2 (nucleotide target region 1090–1952) ACD Bio GenBank #: NM_009891.2

Recombinant DNA

pAAV-hsyn-GRAB_ACh3.0 Jing et al.36 Addgene, Cat #: 121922

pmU6-gRNA This paper Addgene, Cat #: 53187

phU6-gRNA This paper Addgene, Cat #: 53188

pOTTC1553 This paper Addgene, Cat #: 131682

pOTTC1642 This paper Addgene, Cat #: 195018

Software and algorithms

pClamp Molecular Devices Version 10

Graphpad Prism Graphpad Software Version 8, 9, and 10

Python custom script for extraction of calcium and acetylcholine 
events

This paper https://doi.org/10.5281/zenodo.10048600

Synapse Tucker-Davis Technologies N/A
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