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Abstract 

While our understanding of appetitive motivation has benefited immensely from the use of 

selective outcome devaluation tools, the same cannot be said about aversive motivation. 

Findings from appetitive conditioning studies have shown that basal amygdala is required for 

behaviors that are sensitive to updates in outcome value, but similar results in aversive 

motivation are difficult to interpret due to a lack of outcome specificity. The studies reported 

here sought to develop procedures to isolate sensory-specific processes in aversive learning 

and behavior and to assess the possible contribution of the basal amygdala. Post-training 

changes to outcome value produced commensurate changes to subsequently tested 

conditioned responding in male rodents. Specifically, increases in shock intensity (i.e., inflation) 

augmented, while repeated exposure to (i.e., habituation of) an aversive sound (klaxon-horn) 

reduced freezing to conditioned stimuli previously paired with these outcomes. This was 

extended to a discriminative procedure, in which following revaluation of one, but not the 

other event, responding was found dependent on outcome value signaled by each cue. 

Chemogenetic inactivation of basal amygdala impaired this discrimination between stimuli 

signaling differently valued outcomes, but did not affect the revaluation process itself. These 

findings demonstrate a contribution of the basal amygdala to aversive outcome-dependent 

motivational processes.  



Significance Statement  

The specific content of Pavlovian associative learning has been well studied in appetitive 

motivation where the value of different foods can be easily manipulated. This has facilitated 

our understanding of the neural circuits that generate different forms of motivation (i.e., 

sensory specific vs general). Studies of aversive learning have not produced the same degree of 

understanding with regards to sensory-specificity due to a lack of tools for evaluating sensory 

specific processes. Here we use a variant of outcome devaluation procedures with aversive 

stimuli to study the role of basal amygdala in discriminating between aversive stimuli conveying 

different degrees of threat. These findings have implications for how we study generalized 

threat to identify dysregulation that can contribute to generalized anxiety. 

 

Introduction 

Studies of aversive Pavlovian threat conditioning have provided an effective model for 

how aversive memories are formed, maintained and expressed in relation to stress and trauma 

(LeDoux and Pine, 2016; Deslauriers et al., 2017). Over the past decades much has been learned 

about the neural circuits and molecular mechanisms that regulate aversive Pavlovian 

conditioning and memory (for review see, Herry and Johansen, 2015; Janak and Tye, 2015; 

Krabbe et al., 2017). This literature presents a detailed understanding of the psychological and 

neurobiological nature of this simple form of learning.  However, in natural settings, organisms 

are often faced with a multitude of threats, some more dangerous than others. In these 

situations, a comparison of the relative degree of threat signaled by two distinct stimuli can be 

useful in guiding behavior and matching defensive responding to the threat potential of 



particular stimuli. The discriminative processes that underlie such contrasts in aversive 

motivation are poorly understood.  

Experimental findings indicate that Pavlovian conditioning procedures result in stimulus-

outcome learning (Rescorla, 1974; Balleine and Killcross, 2006; Díaz-Mataix et al., 2011), and 

that changes to the value of the outcome produce commensurate changes in conditioned 

behavior via neural processes in the basal amygdala (BA; Chen et al., 2011; Ghosh and Chattargi, 

2014; Sengupta et al., 2017). However, much of the work demonstrating this is limited to 

discriminative procedures involving a shock-paired conditioned stimulus (e.g., CS+) and another 

cue with no aversive outcome (e.g., CS-; Chen et al., 2011; Ghosh and Chattargi, 2014; Staples-

Bradley et al., 2016). Such procedures could reflect flexible outcome-selective behavior, or 

alternatively, less attention to irrelevant and inconsequential stimuli (Le Pelley et al., 2014; 

Kattner and Green, 2016). 

In appetitive studies, food-motivated paradigms in which multiple stimulus-outcome 

associations are used in combination with devaluation or extinction procedures. These tools 

permit sensory-specific encoding to be more effectively assessed than in simple CS+ versus CS- 

discrimination studies (Delamater, 1996; Rescorla, 1996; Pickens et al., 2005; Corbit et al., 2007). 

The former techniques have proven valuable for identifying circuits that process and update 

outcome value for the use of behavior dependent on Pavlovian signaling (Rescorla, 1994; 

Schoenbaum et al., 2003a; Delamater, 2012). Furthermore, these procedures have also been 

used to probe the psychological and neural substrates underlying instrumental learning 

(Rescorla, 1991), choice (Izquierdo et al., 2004; Corbit and Balleine, 2005) and habit (Coutureau  

and Killcross, 2003).  



Our understanding of aversive motivation could benefit from the use of similar 

procedures to isolate sensory-specific processes (Campese et al., 2017). Therefore, in the 

studies below, we have established ways to change the value of aversive unconditioned stimuli 

(US) following training that would permit such investigation. These revaluation procedures 

were tailored to two distinct aversive outcomes in separate groups of rats. In one group, 

following standard tone-shock pairings, unsignaled shocks were administered at a comparably 

higher intensity, resulting in increased (or inflated) freezing (Rescorla, 1974). Another group of 

rats received pairings of a tone with a loud noxious horn (i.e., klaxon) that functioned as a US 

(Rescorla, 1973). Following training, subjects were habituated to this outcome and this reduced 

conditioned responding in a subsequent test. These procedures were then combined in a 

within-subjects design where revaluation procedures were applied and demonstrated to be US- 

specific. Finally, to test whether BA is important for organizing conditioned responding on the 

basis of relative US value, we used chemogenetic techniques involving kappa-opioid designer 

receptors (Vardy et al., 2015; Marchant et al., 2016) to inhibit activity in this region during tests 

for long-term memory. These studies show that CS-elicited behavior is significantly altered by 

these treatments and that BA inhibition impairs the ability for relative but not absolute value to 

regulate the degree of conditioned responding to each CS.  

 

Methods 

Subjects 

One hundred and twenty-four male Sprague-Dawley rats, purchased from Hilltop Lab 

Animals (Scottsdale, PA) were the subjects of the studies reported below. All rats weighed 



approximately 300g at the start of the experimentation. Subjects were housed in standard 

Plexiglas cages with free food and water available on paper bedding in a rodent colony running 

a 12:12 light:dark schedule. Animals used at the University of Evansville were bred from 

founders purchased from Hilltop Lab Animals and housing conditions were identical to those at 

NYU. Animal care and housing was in accordance with the Institutional Animal Care and Usage 

Committee (IACUC) policies and met the current standards of the Association for Assessment 

and Accreditation of Laboratory Animal Care International (AAALAC). The New York University 

Animal Welfare Committee (UAWC) as well as the University of Evansville IACUC approved all of 

the experimental procedures reported herein.  

 

Apparatus  

Behavioral sessions took place in standard conditioning chambers (Model H10-11R-TC) 

manufactured by Coulbourn Instruments (Whitehall, PA), which are referred to as Context A 

below. For studies at the University of Evansville, chambers were manufactured by Lafayette 

Instrument (Model: 80003, Lafayette, IN). Context A had stainless steel floors that delivered the 

1-second footshock US. Two different intensities were used in the studies reported below, 

0.5mA for training and 1.0mA for revaluation. Additionally, each chamber in context A was 

equipped with a horn for delivering the klaxon US made by Wolo Manufacturing Corp (Deer 

Park, NY; Model 330; 114 dB, five second duration). Context B was another set of identical 

Coulbourn or Lafayette chambers used for test sessions. In order to produce perceptually 

distinct contexts, flat plastic floors were inserted in addition to black and white striped walls as 

well as peppermint scent (Dr. Bronner’s Magic Soaps) to the waste trays. Chambers in both 



contexts were equipped with a 5ohm speaker and a programmable Coulbourn Instruments 

audio generator (Model A12-33) to deliver the 5kHz tone and white noise stimuli (dB) as well as 

a video camera to record footage from the behavioral sessions for later analyses. Auditory 

stimuli at the University of Evansville were produced by Med Associates ANL-926 modules.  All 

other accessories were as described above.  

 

Procedure 

Context Habituation. Subjects were exposed to contexts A and B for 15 minutes each on 

day one of the study. During exposure, there were 30 minutes between each session and 

context order was counterbalanced. While house lights were on, no other stimuli were 

presented and subjects spent the intervening time in their home cages in the vivarium. 

Pavlovian conditioning.  On the day after context exposure, subjects received Pavlovian 

conditioning in context A. Three trials occurred where a 30 second auditory stimulus, tone or 

white noise, coterminated with either a footshock or a klaxon horn. Trials were separated by a 

three-minute intertrial interval (ITI) with the total session duration at 15 minutes. Following this 

session subjects were returned to the vivarium and remained there for the rest of the day. If 

subjects required a second training session for a subsequent within-subjects comparison, this 

was also conducted in context A, 24 hours after their first training session (see Figure 3E for 

experimental designs table). The session parameters were the same as those on day 1 with the 

exception of the CS and US identity. For example, subjects that had tone-shock pairings on day 

1 received noise-klaxon pairings on day 2. In this case, both session order and stimulus-

outcome assignments were counterbalanced.  



Revaluation. Beginning the day following the end of Pavlovian conditioning, subjects 

received US revaluation treatments in context A in the absence of the CS. Shock Inflation was 

accomplished by presenting six unsignaled footshocks with the same temporal parameters and 

spacing as was used during acquisition. While control subjects received the same intensity US 

during this phase as they did during acquisition (i.e., 0.5mA), ‘inflated’ subjects received more 

intense 1.0mA footshocks. This occurred over a single twenty-four minute session. Klaxon 

Habituation occurred over the three days following the end of Pavlovian training in context A. 

In these sessions, subjects received 24 unsignaled 5 second klaxon presentations separated by 

15-seconds after a 3 minute baseline, while control subjects were simply placed in the context 

and received no stimuli. There was a one-minute rest period after the last klaxon presentation. 

For discrimination studies, control subjects also received context exposure during the 

revaluation phase without any other stimulation. These sessions were twelve minutes in total 

duration. 

Testing. The test session occurred in context B the day after revaluation had ended and 

included three trials with a 30 second CS (e.g., tone or noise) without any US presentation. 

Trials were separated by a 3 minute ITI and sessions were 15 minutes total in duration. For 

subjects tested with two stimuli for the discrimination task, the session duration was doubled 

and the order of presentations was counterbalanced so that half of the subjects received three 

tone trials followed by three noise trials, and vice versa. The differences between the training 

(context A) and test location (context B) have been shown to produce perceptually distinct and 

discriminable contexts in previous work (Campese and Delamater, 2013; 2014). 



Delivery, activation and verification of KORD. For delivery of Gi-coupled kappa opioid 

receptor designer receptors exclusively activated by designer drugs (KORD; University of North 

Carolina Vector Core, Chapel Hill, NC; see Vardy et al., 2015; Marchant et al., 2016) to the basal 

amygdala (BA), subjects were anaesthetized with an intraperitoneal (IP) injection of a ketamine 

(100kg/mg)/ xylazine (10mg/kg) mixture (VedCo). Once sedated, subjects were prepared and 

placed into a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). BA was targeted at 

the following coordinates relative to bregma (3.1mm posterior, 5.2mm lateral, and 9mm 

ventral). Through a 1uL Hamilton Neuros syringe (Model 7001, Hamilton Company, Reno NV), 

0.7uL of AAV9 CaMKII containing instructions for KORD was injected bilaterally into BA over 

5min and allowed to spread for an additional 5min before removing the needle over an 

addition of one-minute period. Subjects were sutured and given analgesia (subcutaneous 

ketaprofen, 5mg/kg) postoperatively over three days in their home cages with free food and 

water available.  

Salvinorin-B (Sal-B: Apple Pharms, Asheville, NC) was dissolved in dimethylsulfoxide 

(DMSO: 7% of total volume, Sigma Aldrich) and added to warm 50C polyethylene glycol (Sigma 

Aldrich) and deionized water (1:1) to produce a 15mg/mL solution. Subjects received 0.1% body 

weight IP treatment with Sal-B or vehicle 15-minutes prior to testing.  

Following the study, subjects were given an overdose of ketamine/xylazine (1mL) and 

perfused transcardially with phosphate buffered physiological saline (PBS), then fixed with 4% 

paraformaldehyde (PFA) in 0.2 M phosphate buffer (PB). Following post fixing in 4% PFA, brains 

were cut into 50μm coronal sections on a Vibratome (Leica Biosystems, Nussloch, Germany) 

and stored in PBS with 0.05% sodium azide and kept at 40C until processing. Expression of 



KORDs was visualized using a rabbit anti-GFP antibody (1:2K; #A11122; Life Technologies), 

biotinylated goat anti-rabbit IgG (1:200; Vector Labs), avidin-biotin horseradish complex (Elite 

ABC Kit; Vector Labs) and Very Intense Purple (VIP Kit; Vector Labs). Sections were mounted, 

coverslipped, and viewed using a high-resolution digital camera microscope system (Olympus 

VS120). 

Cellular responses to Sal-B: A subset of subjects from the current studies was used to 

verify the efficacy and selectivity of Sal-B inhibition in KORD expressing neurons. Brain slices 

were prepared from subjects expressing KORD (five slices from 4 rats) and experimentally naïve 

and non-operated controls matched for age and weight (seven slices in 3 rats) as in Johnson et 

al. (2008) and maintained on an interface chamber at 31C. Glass recording electrodes (filled 

with aCSF, 5 M  resistance) were guided to dorsal striatum neurons receiving projections from 

basal amygdala. Bipolar stainless steel stimulating electrodes (75 k ) were positioned 

targeting projection fibers. Orthodromic synaptic potentials were evoked via an isolated current 

generator (Digitimer; 100 sec pulses of 0.3–0.7 mA). Evoked field potentials were recorded 

with an Axoclamp 2B amplifier and Axon WCP software (Axon Instruments). Data were analyzed 

offline using WCP PeakFit (Axon Instruments). fEPSP (field excitatory postsynaptic potential) 

was measured as a change in evoked field potential amplitude. Baseline responses were 

monitored at 0.05 Hz for 30 min with a stimulus intensity of 40–50% of maximum fEPSP before 

Sal-B (100nM) application and this intensity was maintained for the rest of recording.   

Experimental Design and Statistical Analysis: In simple revaluation studies (i.e., those 

involving a single CS-US associative relationship), purely between-groups designs were used 

and independent t-tests were implemented to evaluate the effect of revaluation relative to 



non-treated controls. The same strategy was applied to analysis of freezing during the baseline 

(or Pre-CS) interval which was defined as 30 seconds prior to each CS. Studies involving 

discrimination between multiple CS-US associations following revaluation were accomplished 

using within-subjects procedures. Subjects were trained independently with each CS-US 

treatment and had only one outcome revalued (i.e., shock, in studies using viral inhibition). 

Data from studies including these arrangements were analyzed using repeated measures 

analysis of variance (rmANOVA) approaches with mixed models utilized to test whether viral 

inhibition changed behavioral patterns across the two CSs. Pre-CS data from these studies were 

analyzed using the same approach. 

 

Results 

Data from the Pavlovian conditioning (Figures 1B and 2B) and test phases (Figures 1C 

and 2C) are presented in terms of percent time freezing to the CS for shock-inflation and 

klaxon-habituation groups respectively. For these groups, training and test data were analyzed 

with independent-samples t-tests. In both cases these analyses found that control and 

experimental subjects froze comparably to the CS during Pavlovian conditioning (shock-inflation, 

t(14) = 0.06, p = 0.95; klaxon-habituation, t(13) = 0.67, p = 0.52; see Figure 1B, 2B). Preliminary 

analyses found that there were no differences in Pre-CS responding for control and revalued 

subjects in the shock-inflation (t(14) = 0.61, p = 0.55: MControl = 50.42 [SEM = 7.9], MInflated = 

42.22 [SEM = 10.8]) and klaxon-habituation subsets (t(13) = 0.36, p = 0.73 : MControl = 30.16 [SEM 

= 2.7], MHabituated = 25.56 [SEM = 2.9). Inspection of the CS-based test data suggests that 

revaluation treatments successfully influenced subsequent CS-elicited freezing. The analysis 



confirmed this impression: shock-inflation resulted in significantly more CS-elicited freezing 

compared to control treatment with the same intensity US as used during Pavlovian training 

(t(14) = 3.31, p = 0.005; Figure 1C). Furthermore, analysis of test data for the klaxon-habituation 

group showed that these subjects exhibited significantly less CS-elicited freezing than control 

subjects exposed only to the context, t(13) = 3.31, p = 0.006. Data from a follow-up test (see 

figure 2D) confirmed that the reduction in CS-elicited freezing for klaxon-habituated subjects 

was not due to hearing damage during revaluation as both the klaxon-habituated group and the 

control subjects showed comparable freezing to a different CS (i.e., white noise) after it was 

paired with a 0.7mA footshock, t(13) = 0.73, p = 0.48. 

For discrimination subjects, mean freezing for each group to the different CSs from the 

test session can be seen below in Figure 3A. Preliminary analysis, with a split-plot repeated 

measures analysis of variance (ANOVA) with Stimulus (CS-shock vs CS-klaxon – baseline only) as 

the within-subjects factor and Group (Context vs Habituation vs Inflation) as the between-

subjects factor, found that Pre-CS responding was low, but comparable for each group 

indicating that neither inflation nor habituation affected baseline responding relative to the 

control group  (FStimulus (1, 21) = 0.13, p = 0.91: MContext = 0.9 [SEM = 0.8], MHabituated = 0.4 [SEM = 

0.6], MInflated = 6.9 [SEM = 4.0]). As this analysis found no evidence of a Stimulus x Group 

interaction, F (1, 14) = 0.33, p = 0.72, subsequent analyses focus only on CS-responding. While 

freezing was comparable to the two CSs for control subjects, revaluation significantly changed 

the way subjects responded to these stimuli. The CS-responding data were similarly analyzed, 

and this revealed a significant main effect for Stimulus, F(1, 21) = 28.61, p < 0.001, and a 

significant interaction between Stimulus and Group, F(2, 21) = 6.74, p = 0.005, with no main 



effect for the between-subjects factor Group, F(2, 21) = 0.72, p = 0.50. Bonferroni-corrected 

comparisons identified the following as sources of the Group x Stimulus interaction. Freezing to 

the two CSs was similar in control subjects, MCS-shock = 15.75, 95% CI [11.70, 19.80]; MCS-klaxon = 

15.38, 95% CI [12.03, 18.72]. Both revaluation treatments successfully changed the distribution 

of conditioned freezing across these stimuli. For the klaxon-habituation group, freezing was 

significantly lower to CS-klaxon, M = 9.0, 95% CI [5.66, 12.34] than to CS-shock M = 17.88, 95% 

CI [13.83, 21.93]. The same was true for the shock-inflation group, MCS-shock = 21.13, 95% CI 

[17.08, 25.18]; MCS-klaxon = 9.63, 95% CI [6.28, 12.97]. Thus klaxon-habituation resulted in less 

freezing to CS-klaxon without significantly changing CS-shock freezing levels relative to control 

subjects (Group Habituation: MCS-shock = 17.88, 95% CI (CS-shock Context group) [11.7, 19.8]). 

However, shock-inflation had a similarly depressive impact on freezing to CS-klaxon (Group 

Inflation: MCS-klaxon = 9.63, 95% CI (CS-klaxon Context group) [12.0, 18.7]), but also significantly 

increased freezing to CS-shock relative to the control group (Group Inflation: MCS-shock = 21.13, 

95% CI (CS-shock Context group) [11.7, 19.8]).  

The test data for subjects expressing KORD in BA following shock-inflation are presented 

below in Figure 3B in terms of percent time freezing to the stimuli as a function of the signaled 

outcome. Preliminary analyses found that Pre-CS responding did not differ on the basis of 

stimulus or treatment (FStimulus (1, 14) = 2.39, p = 0.15; Finteraction (1, 14) = 0.002, p = 0.97: Vehicle 

treated subjects MCS-Shock = 40.97 [SEM = 12.7], MCS-Klaxon = 47.92 [SEM = 13.2], Sal-B treated 

subjects MCS-Shock = 48.61 [SEM = 12.5], MCS-Klaxon = 57.92 [SEM = 10.5]). The CS-freezing data 

were analyzed using a 2 x 2 split-plot repeated measures ANOVA with Stimulus (CS-shock vs CS-

klaxon) as the within-subjects factor and Treatment (Sal-B vs Vehicle) as the between-subjects 



factor. This ANOVA found a significant interaction between Stimulus and Treatment, F(1, 14) = 

4.85, p = 0.045. Neither the main effect of Treatment, F(1, 14) = 0.09, p = 0.77, nor Stimulus 

alone were significant, F(1, 14) = 1.61, p = 0.23. Bonferroni corrected comparisons found that 

while subjects treated with the vehicle prior to test showed higher freezing to CS-shock than 

CS-klaxon (MCS-shock = 20.38, 95% CI [15.13, 25.62]; MCS-klaxon = 13.88, 95% CI [8.72, 19.03]), Sal-B 

treated subjects did not show any difference in freezing between the two cues, MCS-shock = 17.13, 

95% CI [11.89, 22.37]; MCS-klaxon = 18.88, 95% CI [13.72, 24.03]. No other comparisons were 

significant. 

To confirm that this reflects impaired discriminative processes specifically, additional BA 

KORD expressing subjects were given shock-inflation treatment without having experienced any 

other stimuli and tested for CS-elicited freezing (i.e., using the single CS and US design). 

Preliminary analyses found that there were no difference in baseline responding for these 

subjects (t(14) = 0.39, p = 0.70: MVehicle = 58.89 [SEM = 7.1], MSal-B = 62.92 [SEM =7.6]). KORD 

inhibition of BA had no influence on the absolute levels of freezing when only one outcome 

value was tracked (see Figure 3C) compared to the discriminative (or relative) condition (Figure 

3B); both Vehicle and Sal-B treated shock-inflated groups showed more CS-elicited freezing 

compared to same-shock intensity controls, FInflation(1, 12) = 19.52, p = 0.001, FTreatment(1, 12) = 

0.44, p = 0.52, FTreatment x Inflation(1, 12) = 0.004, p = 0.95. To account for potential peripheral 

effects of Sal-B in the discrimination study, a group of subjects not expressing KORD was 

treated with Sal-B prior to the test session. These subjects received identical behavioral and 

pharmacological treatments as in subjects tested for the effect of BA inactivation on the two-

outcome discrimination task. The distinction being that these subjects received no surgical 



treatment and were administered Sal-B prior to testing memory for tone and noise. Thus, if Sal-

B caused peripheral effects that interfered with the discrimination, this should also be evident 

in these subjects. Preliminary analyses showed no significant effects of treatment on baseline 

behavior FInflation (1, 18) = 0.01, p = 0.93, FStimulus (1, 18) = 2.25, p = 1.51, FTreatment x Inflation (1, 18) = 

0.01, p = 0.92; context exposed subjects MCS-Shock = 30.4 [SEM = 11.8], MCS-Klaxon = 26.89 [SEM = 

10.9], inflated subjects MCS-Shock = 31.3 [SEM =8.9], MCS-Klaxon = 28.2 [SEM = 8.5]. These results 

(see Figure 3D) replicate the basic discrimination effect with inflation treatment, FInflation (1, 18) 

= 1.83, p = 0.19, FStimulus (1, 18) = 10.65, p = 0.004, FTreatment x Inflation (1, 18) = 20.87, p = 0.0002, 

and suggest that Sal-B alone was not responsible for impaired discrimination in KORD 

expressing subjects. Follow up Bonferroni corrected comparisons show that while inflated 

subjects showed more freezing to CS-shock than CS-klaxon, MCS-shock = 68.0, 95% CI [55.90, 

80.11]; MCS-klaxon = 45.33, 95% CI [34.35, 56.32], subjects exposed to the context during 

revaluation froze comparably to the two cues, MCS-shock = 64.56, 95% CI [52.45, 76.66]; MCS-klaxon 

= 68.33, 95% CI [57.35, 79.32]. Finally, responses of cells projecting from BA to dorsal striatum 

were measured in a slice preparation to compare the effects of Sal-B on activity in KORD 

expressing and Naïve control rats. These data are presented in Figure 4A and show that 

responses during a baseline period were comparable for both groups (t (29) = 0.31, p = 0.76), 

but that Sal-B significantly reduced cellular responses in KORD expressing but not control 

subjects (t (39) = 128.15, p < 0.001). Together these data suggest that the discrimination 

between CS-shock and CS-klaxon based on changes to relative value requires processing in BA 

but that absolute value changes do not (see Figure 3E for design comparisons). The replication 

of the relative revaluation effect in Sal-B treated subjects without KORD, suggest the deficit in 



KORD-expressing subjects was due to the action on cellular responses seen in the slice study 

and not peripheral effects of the drug. 

 

Discussion 

 The studies reported here replicate and extend the findings that following Pavlovian 

training footshock inflation or aversive noise (klaxon) exposure have the capacity to alter the 

vigor of the conditioned response (Rescorla, 1973; Rescorla, 1974). In both cases, responding to 

the CS was significantly different from control subjects that had not undergone adjustments. 

Specifically, shock inflation caused increased, while klaxon habituation resulted in reduced 

conditioned freezing behavior relative to control subjects. When these treatments were 

administered in subjects that had been previously trained in a discriminative paradigm with 

both outcomes, revaluation biased defensive responding to the CS signaling the higher threat 

value outcome relative to the other. Interestingly, shock-inflation appeared to have a 

behavioral contrast-like effect, where increases in outcome magnitude that elevate one 

response can simultaneously cause reductions in behavior for non-adjusted outcomes in a 

choice task (Flaherty and Largen, 1975; Flaherty et al., 1995). There are procedural as well as 

qualitative differences between inflation and habituation that can potentially account for the 

difference. For example, habituation should reduce the threat associated with klaxon 

anticipation, while inflation should have the opposite psychological impact of conveying more 

threat. Additionally, klaxon habituation took place over 3 days, while shock-inflation required a 

single session. While we did not systematically control these factors, they may have contributed 

to this type of adjustment to the alternate CS-US association in this discrimination task.  



Using KORDs, we found that discriminating between differentially valued associative 

cues, but not outcome revaluation in general, is dependent upon basal amygdala (BA). 

Specifically, subjects expressing KORDs in BA performed comparably to saline treated controls 

following revaluation in the single US inflation study. On the other hand, subjects trained with 

multiple outcomes had difficulty discriminating the relative values of the signaled outcomes 

when BA was inhibited with Sal-B treatment via KORDs. The effect was replicated and intact in 

vehicle treated KORD expressing subjects. It should also be noted that studies in appetitive 

learning have suggested that learning about multiple outcomes promotes the encoding of 

sensory features that may not be involved in single US designs (Balleine et al., 2003). 

Chemogenetic inhibition of BA in our studies may have impaired discrimination between 

sensory features of the outcomes in the discrimination task but not the single US task due to 

sensory encoding being more likely to occur in former task but not the latter.  

While these studies did not include a non-operated Sal-B treated group, we are 

confident that KORDs had the desired effect on cellular activity and that this was selective to 

KORD expressing subjects. For example, because Sal-B treatment did not impact the inflation 

phenomenon with a single CS, this suggests that the BA effects obtained were due to 

chemogenetic inhibition and not peripheral effects of Sal-B. If peripheral effects could accrue 

and impact conditioned freezing, it should apply here, but this was not observed. Furthermore, 

the dependence of these effects of cellular inhibition in BA was also supported with cell-

response data in a slice preparation. These findings demonstrate that Sal-B effectively reduces 

responses in KORD expressing but not control cells. Together these factors add confidence to 

our interpretation that the above results are in agreement with previous findings that: 1) 



amygdala is not required for responding following revaluation with a single CS-US associative 

relationship (Rabinak et al., 2009), and 2) that discriminative processes based on changes to 

outcome value are highly dependent on this region (Schoenbaum et al., 2003b; Ghosh and 

Chattargi, 2014). To our knowledge, this has not been previously demonstrated with multiple 

aversive outcomes in a within-subjects design.   

A limitation of this study relative to those in appetitive motivation is the lack of 

symmetry regarding use of both klaxon and shock revaluation treatments when analyzing BA-

based value processing. The decision to focus on inflation for this purpose was made due to a 

procedural time difference with shock-inflation requiring only a single session, and klaxon-

habituation requiring 3 days.  Despite this, clear behavioral differences were seen following 

klaxon habituation, though whether value processing following habitation depends on BA 

cannot be determined from these experiments.  

As we have noted, while we interpreted our findings in terms of value coding, other 

arguments can be made that also account for these findings relating to discrimination between 

the sensory features of signaled outcomes. Studies of appetitive motivation have long 

employed devaluation treatments with great success to address such issues, and there has 

been no analog for them in studies of aversive motivation. The procedures outlined here can be 

a pivotal starting point for studying the underlying psychology of threat processing in a more 

ecologically valid way, as organisms deal with multiple possible sources of threat concurrently 

in reality. These techniques can also be used to produce a better understanding of the 

motivational underpinnings of instrumental avoidance behavior. In addition, further 

investigations of aversive US devaluation can help determine whether results such as those 



presented in this paper depend on value or sensory specificity. While this area has been 

particularly impaired by the lack of adequate behavioral tools to study the underlying 

psychology of aversive motivation (LeDoux and Pine, 2016; LeDoux et al., 2017; Cain, 2019), we 

hope this work encourages future reconciliation of differences between the appetitive and 

aversive learning domains.  
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Captions 

Figure 1: Figure 1 depicts the experimental design for simple and absolute inflation in panel A. 

Freezing is presented in terms of percent time for Pavlovian threat conditioning or PTC (B) and 

the test session (C). Asterisk indicates significance at alpha = 0.05. 

 

Figure 2: Figure 2 shows the experimental design for habituation with the klaxon outcome in 

panel A. Freezing is again presented in terms of percent time for the Pavlovian conditioning 

phase (B) and the subsequent test session (C). Panel D shows freezing from a follow-up test 

where conditioned freezing to a shock-paired white noise was measured to determine whether 

klaxon habituation produced a hearing deficit. Asterisks denote significance at the 0.05 alpha 

level. 

 

Figure 3: Figure 3 presents test data from the within-subjects discrimination experiment in 

panel A. These data are displayed in terms of percent time freezing to each CS as a function of 

the signaled outcome for the context-exposed control subjects (Ctx) as well as the inflated (Inf) 

and habituated (Hab) experimental groups. Panel B shows test data from BA KORD expressing 

subjects that had undergone inflation and were treated with either Sal-B or the vehicle prior to 

the discrimination test session. Panel C shows test data for BA KORD expressing subjects that 

had undergone inflation in a simple non-discrimination design and were treated with either Sal-

B or the vehicle prior to the single CS test session. Panel D shows test data from control 

subjects treated with KORD but without KORD expression. Panel E describes the progression of 



experimental phases for studying changes to absolute and relative threat. Asterisks indicate 

significant effects at alpha = 0.05. 

 

Figure 4: Panel A shows responses of cells during a baseline period and following Sal-B 

treatment. Panel B depicts the minimum (red) and maximum (blue) extent of viral expression 

for subjects treated with KORDs at the 1.56, 2.04, 2.64 and 3.24mm posterior to bregma 

(images adapted from Paxinos & Watson, 2013). Panel C shows an image of a coronal section 

being tested for responses. The location of stimulating and recording electrodes can be seen in 

this image as well as the in schematic presented in panel D. Panel E shows a representative 

coronal section expressing KORD in BA using very intense purple (VIP). 



Figure 1

 

 

 

 

 

 

 

 

 

 



Figure 2 

 

 

 

 

 

 

 

 

 

 



Figure 3 

 

 



Figure 4 

 










