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Abstract 

Adolescent-onset anxiety disorders are more common and costly than those that 

emerge later in life. Unfortunately, nearly half of adolescents undergoing cognitive 

behavioural therapies, including exposure therapies, show significant symptom relapse. Such 

poor treatment outcomes are consistent with preclinical work examining fear extinction, in 

which adolescents show persistent fear to extinguished cues. Both extinction and exposure 

are dependent on the generation of prediction error (i.e., the difference between the expected 

and actual outcome of a cue presentation), a process which involves the opioid system. We 

investigated the contribution of prediction error signalling to extinction during adolescence 

using the opioid receptor antagonist naloxone. We demonstrated that unlike in juvenile and 

adult rats, fear expression during extinction training and test in adolescent rats was unaffected 

by naloxone, suggesting that adolescent rats are impaired in using prediction error signalling 

to extinguish fear under typical conditions. However, in two circumstances where adolescents 

exhibit good extinction retention, opioid receptor blockade impaired extinction retention, 

suggesting that the recruitment of prediction error signalling mechanisms promotes extinction 

in this age group, just as it does in adults. Importantly, additional extinction training may be 

required to enable prediction error mechanisms to be recruited during adolescence. 

Keywords: extinction; adolescence; prediction error; inhibitory learning; opioids 
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Introduction 

Anxiety disorders are one of the most prevalent mental health conditions during 

adolescence, affecting approximately 7% of Australian and American adolescents every year 

(Lawrence et al., 2015; Roberts, Roberts, & Xing, 2007). While approximately 60% of 

adolescents who receive cognitive behaviour therapy respond to treatment, the remaining 

40% continue to show significant symptoms at short- and/or long-term follow-up (Ginsburg 

et al., 2014; Kodal et al., 2018). Therefore, there is a need to identify whether there are age-

related differences in the learning and neurobiological mechanisms which underlie cognitive 

behaviour therapy in order to maximise treatment gains for adolescents. Such investigations 

of the mechanisms behind exposure therapy, an ‘active ingredient’ of cognitive behaviour 

therapy, have the capacity to inform clinical science and improve treatment outcomes for 

patients in the community (Waters, LeBeau, & Craske, 2017).  

There are several processes by which fear/anxiety symptoms can reduce across 

exposure therapy, including extinction (for reviews, see Cooper, Clifton, & Feeny, 2017; 

Craske, Hermans, & Vervliet, 2018; Weisman & Rodebaugh, 2018). The process of 

extinction is modelled in the laboratory in experiments where the participants learn a new 

inhibitory association between the feared stimulus and the absence of the expected aversive 

outcome (Bouton, 2002). Importantly, in clinical samples, the use of strategies that are 

designed to maximise extinction learning lead to improved long-term treatment outcomes in 

adults (e.g., Deacon et al., 2013; Nacasch et al., 2015).  

The acquisition of extinction is dependent on the recognition of the discrepancy 

between the expected outcome (e.g., in panic disorder, ‘If I feel dizzy, I am going to die’) and 

the actual outcome (e.g., ‘I feel dizzy, and I am okay’). The identification of this discrepancy, 

termed prediction error, is critical for new associative learning (Fanselow, 1998; Rescorla & 

Wagner, 1972). Learning theory posits that the larger the prediction error signal, the greater 
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the learning. In rodent models, this has been shown to be the case for both positive prediction 

error (i.e., when the actual outcome is greater than the expected outcome) and negative 

prediction error (i.e., when the actual outcome is less than the expected outcome; Delamater 

& Westbrook, 2014). As presentations of the feared stimulus are less aversive than expected 

during fear extinction/exposure therapy, extinction learning involves the generation of 

negative prediction error. 

A role for prediction error in exposure therapy is supported by clinical research 

examining expectancy violations. As is the case for prediction error in extinction learning, 

expectancy violations refer to the discrepancy between the expected and actual outcome of an 

exposure exercise (Craske et al., 2018). In clinical terms, an individual’s expectancy is 

‘violated’ when the feared outcome of an exposure trial does not eventuate. Increasing the 

expectancy of the predicted outcome maximises the difference between the expected and 

actual outcome in exposure therapy, and leads to improved treatment outcomes (Deacon et 

al., 2013; Pittig, Van Den Berg, & Vervliet, 2016). Clearly, there is clinical utility in 

identifying when and how prediction error mechanisms are used, across individuals and age 

groups, and particularly those at risk for maladaptive and persistent fear. 

Indeed, treatment outcomes could be enhanced by integrating behavioural 

modifications and/or pharmacological adjuncts which ‘boost’ prediction error alongside 

standard clinical practice. Developing strategies which amplify inhibitory learning is 

particularly important when considering vulnerable populations, such as adolescents with 

anxiety. While current treatment approaches are of benefit to some adolescents there is 

substantial room for improvement. For example, one longitudinal examination of clinical 

outcomes of face-to-face cognitive behaviour therapy for anxiety disorders across a four year 

follow-up period revealed that only 22% of adolescents experienced stable remission. Of 

those not achieving symptom remission, 48% demonstrated symptom relapse and 30% 
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experienced chronic anxiety (Ginsburg et al., 2018). Unfortunately, long-term outcomes may 

not be any better with internet-delivered cognitive behaviour therapy. In one randomised 

controlled trial examining adolescent anxiety disorders receiving internet-delivered cognitive 

behaviour therapy did not lead to improvements in symptom severity (or primary diagnosis 

remission) above and beyond changes observed in a waitlist control group (Waite, Marshall, 

& Creswell, 2019). Nevertheless, a meta-analysis has indicated that anxiety symptoms in 

adolescents do reduce across the course of, and following, cognitive behaviour therapy 

(Barry, Yeung, & Lau, 2018).   

Using adult clinical samples, strategies that are designed to maximise extinction 

learning lead to improvements in long-term treatment outcomes (e.g., Deacon et al., 2013; 

Nacasch et al., 2015). However, whether similar approaches are effective in adolescent 

clients is not well-established. As preclinical studies with adolescent rodents and humans 

show age-specific deficits in extinction learning and retention, there is reason to hypothesise 

that adolescents would particularly benefit from such strategies (for reviews, see Baker, 

Bisby, & Richardson, 2016). For example, Waters et al. (2017) examined extinction, using a 

differential aversive conditioning procedure, in healthy children, adolescents, and adults. In 

this procedure, individuals rated the valence of the reinforced (CS+) and non-reinforced (CS-

) conditioned stimuli across conditioning, extinction training, and testing. Although all age 

groups similarly rated the CS+ as more negative than the CS- during conditioning, 

adolescents reported less positive re-evaluations of the CS+ during extinction training than 

children and adults, suggesting that adolescents did not use the new information about the 

stimulus to update their responding. This developmental difference in re-evaluations also 

persisted to test the following day. This finding suggests age-related deficits in extinction 

learning (also see work in rodents by McCallum, Kim, & Richardson, 2010; Pattwell et al., 

2012), and highlights the importance of understanding the mechanisms which underpin 
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extinction learning in adolescence as a step towards designing interventions which overcome 

these deficits.  

The role of prediction error in extinction learning has been studied in preclinical 

models using pharmacological adjuncts which disrupt the neural signalling underlying 

prediction error (Bale et al., 2019; VanElzakker, Dahlgren, Davis, Dubois, & Shin, 2014). 

Preclinical animal models allow for unparalleled experimental manipulation at a level of 

detail which is difficult, if not impossible, to achieve in humans. The use of such models has 

led to significant advances in psychotherapy. For instance, the cognitive enhancer D-

cycloserine was first shown to augment extinction in a rodent model (Walker, Ressler, Lu, & 

Davis, 2002), and is now under investigation as an adjunct alongside cognitive behaviour 

therapy (Difede et al., 2014; Mataix-Cols et al., 2017; Rosenfield et al., 2019). Ketamine, a 

recently approved pharmacotherapy for treatment-resistant depression in adults, is another 

example (Krystal, Abdallah, Sanacora, Charney, & Duman, 2019). In addition to its rapid 

therapeutic actions, ketamine may act synergistically with the mechanisms underlying 

cognitive behaviour therapy (Wilkinson et al., 2017). Preclinical models benefit clinical 

investigation as they provide insights not only into the dosage and timing for administration 

of pharmacological adjuncts, but also how these pharmacotherapies act as cognitive 

enhancers at the neural level.  

Several studies with rodents have demonstrated that opioid receptors are a neural 

signal of prediction error during extinction learning. Specifically, blocking opioid receptors 

with the opioid receptor antagonist naloxone during extinction training impairs extinction 

learning and subsequent retention in adult rats (McNally, Pigg, & Weidemann, 2004; 

McNally & Westbrook, 2003; Parsons, Gafford, & Helmstetter, 2010). In other words, 

blocking opioid receptor activation impairs an animal’s ability to learn new information about 

aversive stimuli (for review, see McNally, Johansen, & Blair, 2011). Similarly, 
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administration of the opioid receptor antagonist naltrexone prior to one session of exposure 

therapy for specific phobia impairs treatment outcomes in adults. Specifically, naltrexone 

administration resulted in persistent fear on the behavioural approach task relative to the 

placebo and no drug conditions (Kozak et al., 2007). While the opioid receptor antagonists 

naloxone and naltrexone are approved for human use, they are primarily used to reverse 

opiate overdose and are associated with several unpleasant side effects, including nausea, 

headache, and restlessness (Albert, 2019; King, Volpicelli, Gunduz, O’Brien, & Kreek, 1997; 

Meissner, Schmidt, Hartmann, Kath, & Reinhart, 2000). Until selective drugs with minimal 

side effects are developed for use in humans, preclinical animal models provide an oportunity 

to explore the effects of opioid receptor antagonists on extinction processes across 

development.  

Unfortunately, the role of opioid receptor-mediated prediction error signalling during 

extinction in adolescence has not yet been investigated. Given that preclinical research has 

demonstrated that deficits in opioid receptor-mediated prediction error can result in impaired 

extinction learning in adulthood, deficits in prediction error may underlie the impaired 

extinction learning and/or retention which has been reported during adolescence (e.g., Bisby, 

Richardson, & Baker, 2020; Ganella, Drummond, Ganella, Whittle, & Kim, 2018; McCallum 

et al., 2010; Pattwell et al., 2012). By extension, prediction error deficits may also underlie 

poor treatment outcomes following cognitive behaviour therapy. Here, we determined the 

contribution of prediction error deficits to impaired extinction during adolescence by using 

the opioid receptor antagonist naloxone.  

We first aimed to replicate the findings of previous studies examining the effects of 

naloxone on extinction performance in adult rodents (Experiment 1) in order to provide a 

positive drug control for subsequent experiments testing adolescents. In subsequent 

experiments, we used the same paradigm to examine the effects of naloxone on extinction in 
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adolescent rodents. We examined this question from three perspectives: one experiment 

examined prediction error utilisation under conditions that led to impaired extinction 

retention, and two experiments examined prediction error utilisation under conditions which 

resulted in good extinction retention. First, we administered naloxone prior to one session of 

extinction training and observed effects on extinction retention the following day 

(Experiment 2). As adolescent rats given one session of extinction training exhibit impaired 

extinction retention (McCallum et al., 2010), and our hypothesis that a deficit in prediction 

error mechanisms may contribute to this impairment, we did not expect opioid receptor 

blockade would have an impact on extinction retention performance in this experiment.  

In contrast, adolescent rats given additional extinction training exhibit good extinction 

retention (Kim, Li, & Richardson, 2011; McCallum et al., 2010; Stylianakis, Richardson, & 

Baker, 2019). We expected that the additional extinction training gives the neural regions 

involved in consolidating extinction memories (e.g., the prefrontal cortex) more time to 

‘switch on’ and engage. Indeed, doubling the number of extinction training trials is associated 

with an adult-like activation of the prefrontal cortex in adolescent rodents, unlike the pattern 

of neural activity after one session of 30 extinction training trials (Kim et al., 2011). It may 

also be the case that the adolescent brain is slower to recruit the neurotransmitters involved 

in extinction, such as opioid receptors. Therefore, opioid receptor-mediated prediction error 

may be involved during the second extinction training session in adolescent rodents. To 

assess this possibility, we next tested the effects of naloxone administration (at three doses) 

prior to a second session of extinction training (Experiment 3).  

Finally, adolescent rats that undergo fear conditioning earlier in life (i.e., as a 

juvenile) show good extinction retention following a single session of extinction training 

(Baker & Richardson, 2015). This is in direct contrast to adolescents that undergo fear 

conditioning and extinction training on consecutive days in adolescence, which results in 
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impaired extinction retention. This difference is not due to methodological variations in 

extinction procedures and instead, appears to be due to a shift in the neural mechanisms 

underlying extinction in these two groups of adolescents (Baker & Richardson, 2015). 

Therefore, we examined the effects of blocking opioid receptor-mediated prediction error 

during extinction training in adolescent rats that underwent fear conditioning as juveniles 

(Experiment 4). Overall, the following investigation comprehensively assessed the 

involvement of prediction error mechanisms in extinction during adolescence – both under 

circumstances that lead to good extinction retention, as well as those that lead to extinction 

retention deficits.  

Methods 

Animals 

One hundred and ten experimentally naïve Sprague-Dawley male rats were used. 

Animals were maintained on a 12 h light/dark cycle (lights on at 0700) in a humidity- and 

temperature-controlled room with food and water available ad libitum. All animals were 

treated in accordance with the Australian Code of Practice for the Care and Use of Animals 

for Scientific Purposes (8th Edition, 2013), and all procedures were approved by the Animal 

Care and Ethics Committee at UNSW Sydney. 

Drugs 

Naloxone hydrochloride (Sigma-Aldrich; N7758) was dissolved in saline (0.9% 

wt/vol). Animals were injected subcutaneously in the nape of the neck with naloxone or 

saline (both in a volume of 1ml/kg) 10-min before the extinction training session, based on 

doses and time of administration procedures in previous publications (Kim & Richardson, 

2009; McNally & Westbrook, 2003). Naloxone was administered at a dose of 5mg/kg in all 

experiments, as well as at 2.5mg/kg and 10mg/kg in a dose-response study in Experiment 3. 
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Apparatus 

Fear conditioning, extinction training, and test sessions were conducted in four MED 

Associates chambers [24cm (length) x 30 cm (width) x 21cm (height)]. The chambers were 

enclosed in separate sound- and light-attenuating cabinets, in which ventilation fans provided 

constant low level (approximately 58dB) background noise. All chambers were constructed 

primarily of Perspex with stainless steel sidewalls. Two chambers were designated as Context 

A, and the other two chambers as Context B.  

Context A chambers consisted of stainless steel rods (4 mm wide), spaced 16 mm 

apart, just above a stainless steel tray filled with corncob bedding. A clear Perspex dividing 

wall diagonally bisected the chamber, creating a triangle-shaped space. A small panel of 8 red 

LEDs mounted to the inside of the sound attenuating cabinet was the only light source in 

Context A. The Context B chambers differed in size, flooring, lighting, and visual features to 

those in Context A. The Context B chambers did not have a dividing wall but did have a clear 

Perspex insert covering the grid floor, as well as 2.5cm wide vertical black and white stripes 

on the ceiling and front wall. In addition to the red LEDs, a white light above the chamber 

provided low-level illumination inside the chamber (~ 4 lux). All chambers were cleaned 

with tap water after each experimental session. 

Experimental Procedures 

All animals were weaned on postnatal day (P) 21-22. In line with previous work 

examining developmental differences in fear extinction, behavioural procedures started with 

fear conditioning at P24-25 for juveniles, P34-36 for adolescents, and at least P70 for adults. 

Animals were handled and pre-exposed to the conditioning context for one (juvenile rats) or 

two days (adolescent and adult rats) prior to conditioning. Animals received conditioning, 

extinction training, and test on consecutive days (except in Experiment 4, where there was 

~11 days between conditioning and extinction). All sessions began with a 2-minute 



PREDICTION ERROR IN EXTINCTION DURING ADOLESCENCE – 11 

adaptation period before the first CS presentation. Rodent behaviour was recorded via a 

camera mounted on the rear wall of each cabinet. In all four experiments, freezing (the 

absence of all movement other than that required for respiration) was measured as an index of 

fear responding (Fanselow, 1980).  

Conditioning consisted of 3 pairings of a white noise CS (8dB above background, 10-

sec) which co-terminated with a scrambled footshock (0.4mA, 1-sec) delivered through a grid 

floor in Context A. The inter-trial intervals were 135-sec and 85-sec. Extinction training 

occurred in Context B, and consisted of 30 non-reinforced presentations of the CS (10-sec, 

10-sec inter-trial interval), which were averaged into 5 extinction blocks (6 trials each). At 

test, animals received a single 2 minute CS presentation in the same context as extinction 

training (Context B). Extinction training/test was conducted in a context different to where 

the CS-US pairings occurred in order to reduce any effects of context-elicited freezing on the 

measure of primary interest (i.e., CS-elicited freezing). This procedure is frequently used in 

preclinical animal (e.g., Bisby et al., 2020) and human research (e.g., Johnson & Casey, 

2015) on extinction.  

2.5. Statistical Analysis  

Animals were scored as freezing or not freezing every 3-sec during the adaptation 

(pre-CS) period and the CS presentations. A random sample of ~30% of the test data (2-min 

CS presentation) was cross-scored by an observer blind to the purposes of the experiment. 

Inter-rater reliability was high for all experiments (rs = .92 - .99).  

Pre-CS freezing and CS-elicited freezing at test were assessed using independent 

samples t-tests or between-subjects analysis of variance (ANOVA), as appropriate. Effect 

sizes were calculated using Cohen’s d (d) or partial Eta squared (ηp
2). Conditioning and 

extinction training CS-elicited freezing data were analysed using a mixed-design ANOVA, 
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with trial or extinction block as a within-subjects factor. Whenever a mixed-design ANOVA 

was used, violations of the assumption of sphericity (as determined by Mauchly’s test) led to 

the use of Greenhouse-Geisser corrections. For pairwise comparisons, the assumption of 

homogeneity of variances was examined using Levene’s test. In cases where either 

assumption was violated, the corrected statistic, degrees of freedom, and p values are 

reported. Statistical analyses were performed with SPSS Version 25 and α level was set to 

.05.  

Results 

Experiment 1 

Prior to investigating the role of prediction error during extinction in adolescents, 

Experiment 1 aimed to replicate previous findings in adult rats demonstrating impaired 

extinction learning and retention following pre-extinction administration of naloxone 

(McNally & Westbrook, 2003). To examine this question, adult rats were systemically 

administered either naloxone (5 mg/kg) or saline prior to extinction training and extinction 

retention was tested the following day. 

Pre-CS. No differences in pre-CS freezing at any stage (i.e., conditioning, extinction 

training, and the extinction retention test) were detected in any experiment (see 

Supplementary Material for data and analysis).  

Conditioning. CS-elicited freezing increased across trials during conditioning (F2, 26 = 

73.11, p < .001, ηp
2 = .85; Figure 1A), with no differences between subsequent drug groups 

or a drug x trial interaction being detected (largest F2, 26 = 2.22, p = .13), indicating equivalent 

acquisition across groups.   
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Extinction. Rats injected with naloxone prior to extinction training had persistently 

high levels of freezing across extinction training whereas saline-treated rats showed a 

decrease in freezing across this session (Figure 1B). A two-way ANOVA detected a 

significant effect of block (F4, 52 = 3.41, p = .02, ηp
2 = .21) and drug (F1, 13 = 20.15, p = .001, 

ηp
2 = .61) but no block x drug interaction (F4, 52 = 1.96, p = .12). These results suggest that 

naloxone impaired extinction learning in adult rats. 

Test. When tested the next day, naloxone-treated adult rats had significantly higher 

levels of CS-elicited freezing relative to saline-treated rats (t13 = 2.84, p = .01, d = 1.43; 

Figure 1C), consistent with the extinction-impairing effects of opioid receptor blockade 

reported by McNally and Westbrook (2003).  

Experiment 2  

After replicating that extinction in adult rats is dependent upon opioid receptors, we 

next sought to investigate whether opioid receptor activation during extinction is impaired in 

adolescent rats. If the impairment in extinction retention in adolescent rodents and humans is 

Figure 1. Mean (±SEM) levels of CS-elicited freezing at conditioning (A), extinction training (B), 
and test (C) for adult rats in groups injected with Saline (n = 8) or Naloxone (5 mg/kg; n = 7).  
Arrow depicts injection (INJ.) 10-min prior to extinction training. 
* indicates a significant effect of drug (p < .05) 
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due to a complete failure to engage opioid receptor-dependent prediction error mechanisms 

during extinction training, blockade of opioid receptors via naloxone should have no effect on 

CS-elicited freezing during extinction training and test. Alternatively, it is also possible that 

adolescents may partially use opioid receptor-mediated prediction error to extinguish fear 

because conditioned responses typically decrease across extinction training and return to a 

lesser degree (albeit still at high levels) the following day compared to non-extinguished 

controls in adolescent rats and humans (Baker et al., 2016). If this latter account is correct, 

then naloxone administration would be expected to increase CS-elicited freezing in 

adolescent rats across extinction training and at test. Therefore, Experiment 2 investigated the 

role of opioid receptor-mediated prediction error signalling in adolescence by administering 

adolescent rats either naloxone or saline prior to extinction training using similar procedures 

as in Experiment 1 with adults.  

Conditioning. CS-elicited freezing increased across conditioning trials (F2, 46 = 58.09, 

p < .001, ηp
2 = .72), with no difference between future drug groups or a drug x trial 

interaction detected (largest F2, 46 = 1.59, p = .21; Figure 2A). Therefore, similar acquisition 

of fear was observed in both groups. 
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Extinction. CS-elicited freezing decreased across extinction training (F4, 92 = 26.32, p 

< .001, ηp
2 = .53) with no difference between naloxone- and saline-treated adolescent rats (F1, 

23 = 3.73, p = .07; Figure 2B). The drug x block interaction did not reach significance (F4, 92 = 

1.91, p = .12). Therefore, naloxone did not prevent reductions in conditioned fear during 

extinction training in adolescent rats.   

Test. Levels of CS-elicited freezing at test in saline-treated adolescents were 

consistent with previous reports from our laboratory following one session of extinction 

training and these training parameters (Bisby et al., 2020). As was the case for extinction 

training, there was no difference in levels of CS-elicited freezing between naloxone- and 

saline-treated adolescent rats at test (t23 = .11, p = .92; Figure 2C). Clearly, opioid receptor 

antagonism did not impair extinction learning or retention when administered prior to a single 

extinction session, suggesting that prediction error is not recruited in adolescents during 

extinction training unlike adults.  

Figure 2. Mean (±SEM) levels of CS-elicited freezing at conditioning (A), extinction training (B), 
and test (C) for adolescent rats injected with Saline (n = 12) or Naloxone (5mg/kg; n = 13).  
Arrow depicts injection (INJ.) 10-min prior to extinction training. 
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Experiment 3 

As illustrated in Experiment 2, antagonism of opioid receptors did not impair 

reductions in CS-elicited freezing during either extinction training or test in adolescent rats, 

suggesting that prediction error may not be the mechanism driving decrements in conditioned 

responses across extinction training in adolescents. This raises the question of whether 

reductions in CS-elicited freezing across extinction training in adolescents require opioid 

receptors at all. Therefore, we tested whether adolescents recruit opioid receptor-mediated 

prediction error signalling under circumstances that result in good extinction retention. For 

example, adolescent rats demonstrate good extinction retention, akin to levels in adults, when 

given an additional extinction training (Baker & Richardson, 2017; McCallum et al., 2010). 

We hypothesised that the additional extinction trials may enable recruitment of opioid 

receptors during adolescence, in a similar manner to previously reported findings examining 

recruitment of the prefrontal cortex (Kim et al., 2011). To examine this, we administered 

naloxone prior to a second day of extinction training and observed effects on extinction 

learning and retention. In addition, three doses of the opioid receptor antagonist naloxone 

were used (2.5mg/kg, 5mg/kg, and 10mg/kg) to determine whether any observed effects of 

naloxone were dose dependent.  

Conditioning. CS-elicited freezing increased across trials (F2, 74 = 106.56, p < .001, ηp
2 

= .74) with no effect of future drug allocation (F < 1; Figure 3A). There was, however, a 

significant drug x trial interaction (F6, 74 = 2.29, p = .04, ηp
2 = .16). Follow-up post-hoc 

comparisons at each trial did not reveal any significant group differences though (largest F3, 

37 = 1.19, p = .33), suggesting equivalent acquisition of fear across groups. 

Extinction 1. On the first day of extinction training, all groups showed a reduction in 

CS-elicited freezing across blocks (F4, 148 = 46.65, p < .001, ηp
2 = .56) with no effect of 

subsequent drug group or interaction (Fs < 1; Figure 3B).   
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Extinction 2. Significant differences in levels of CS-elicited freezing were observed 

on the second day of extinction training, ten minutes following the injection of naloxone 

(Figure 3C). Although CS-elicited freezing reduced in all groups across extinction training 

(block main effect: F4, 148 = 2.72, p = .03, ηp
2 = .07), levels of freezing differed between drug 

groups (drug main effect: F3, 37 = 7.30, p = .001, ηp
2 = .37). Furthermore, there was a 

significant drug x block interaction (F12, 148 = 2.04, p = .03, ηp
2 = .14). To explore the group 

differences, post-hoc comparisons were made using Dunnett’s test. Across extinction 

training, rats treated with all doses of naloxone expressed significantly higher levels of CS-

elicited freezing than rats treated with saline (2.5mg/kg: p = .02, 5mg/kg: p = .02, 10mg/kg: p 

= .02). The interaction was followed up by one-way ANOVAs to examine group differences 

at the start (Block 1) and end (Block 5) of extinction training. All groups had similar levels of 

CS-elicited freezing at the start of extinction training (Block 1 group effect: F < 1). In 

contrast, groups differed markedly at the end of extinction training (Block 5 group effect: F3, 

37 = 3.88, p = .02, ηp
2 = .24), with rats administered naloxone having significantly higher CS-

elicited freezing compared to rats administered saline at the end of extinction training 

(Dunnett’s test post-hoc comparisons of all naloxone groups to saline were p <= .02). 

Therefore, naloxone (at all doses tested) impaired the reduction in CS-elicited freezing across 

the second day of extinction training in adolescent rats, consistent with the effects of 

naloxone administration in adult rats observed in Experiment 1.  
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Test. The difference in CS-elicited freezing between naloxone- and saline-treated rats 

observed at the end of the second extinction session persisted into the extinction retention test 

the next day (F3, 37 = 4.88, p = .006, ηp
2 = .28; Figure 3D). Compared to rats administered 

saline, rats given naloxone had significantly higher levels of CS-elicited freezing (2.5mg/kg: 

p = .002, 5mg/kg: p = .04, 10mg/kg: p = .03), indicative of impaired extinction retention.  

The results of Experiment 3 suggest that on the second day of extinction training, 

adolescent rats use prediction error to acquire extinction learning, mirroring the results in 

Figure 3. Mean (±SEM) levels of CS-elicited freezing at conditioning (A), extinction training day 
one (B), extinction training day two (C), and test (D) for adolescent rats injected with Saline (n = 
10), Naloxone 2.5mg/kg (n = 10), Naloxone 5mg/kg (n = 11), or Naloxone 10mg/kg (n = 10) prior 
to the second day of extinction training (i.e., Extinction 2).  
Arrow depicts injection (INJ.) 10-min prior to extinction training. 
* indicates a significant main effect of drug (panel 3C; p < .05) or post-hoc comparison between 
saline and naloxone (panel 3D; p < .05) 
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adult rats (Experiment 1) and directly contrasting with the lack of opioid involvement 

observed on the first day of extinction training in adolescent rats (Experiment 2). This is 

consistent with previous work observing recruitment of adult-like neural mechanisms on the 

second day of extinction in adolescents. For example, adolescent rats recruit NMDA 

receptors on the second, but not the first, day of extinction training (Baker & Richardson, 

2017), and additional extinction trials are also associated with adult-like upregulations in 

pMAPK, a marker of synaptic plasticity, in the prefrontal cortex unlike when adolescents are 

given fewer extinction trials (Kim et al., 2011).  

In this experiment, naloxone administration led to increased CS-elicited freezing 

across the second day of extinction training. As freezing can be influenced by changes in 

locomotion and/or anxiety, we assessed the effects of naloxone administration on locomotor 

and anxiety-like behaviour in the open field test in Experiment 3b (presented in the 

Supplementary Material). Neither locomotor nor anxiety-like behaviours were altered by 

naloxone administration (5mg/kg) prior to open field testing in adolescent rats, indicating that 

the effects of naloxone on within-session learning were likely due to the specific effects on 

fear expression, as measured using CS-elicited freezing.  

Experiment 4 

In contrast to the lack of an effect of naloxone administration prior to the first session 

of extinction training in adolescent rats (Experiment 2), naloxone administration prior to the 

second session of extinction training impaired extinction learning and retention (Experiment 

3). That is, naloxone-treated rats expressed higher levels of CS-elicited freezing across 

extinction training and testing than saline-treated rats. These findings suggest that although 

prediction error mechanisms can be recruited during extinction in adolescence, they are not 

‘on board’ until the second session of extinction training. Indeed, this observation mirrors 
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that of Kim et al. (2011), in which the prefrontal cortex was only recruited following an 

extended extinction training session.  

While providing additional extinction trials can lead to good extinction retention 

during adolescence, it requires additional training (either over one extended session or two 

separate sessions). In contrast, adolescent rats that acquire fear during the juvenile period and 

then receive extinction approximately 11-days later show good extinction retention following 

just one extinction training session of 30 trials (Baker & Richardson, 2015; Bisby, Baker, & 

Richardson, 2018). That is, this group of adolescent rats do not demonstrate the typical 

adolescent extinction retention deficit. As yet, the neurotransmitter systems responsible for 

the successful extinction learning and retention in this group of adolescent rats are unknown. 

Although glutamatergic NMDA receptors have been ruled out as mediating extinction in 

these adolescents (Bisby et al., 2018), opioid receptors could be one alternative candidate. To 

test this idea, Experiment 4 examined whether adolescents that acquired fear as juveniles 

used opioid receptor-mediated prediction error signalling during extinction training. Animals 

received fear conditioning as juveniles, and then received an injection of naloxone or saline 

prior to extinction training 11-d later.  

Conditioning. As expected, CS-elicited freezing increased across conditioning trials 

(F2, 30 = 16.48, p < .001, ηp
2 = .52), with no difference between future drug groups or a drug x 

trial interaction being detected (largest F2, 30 = 1.13, p = .34; Figure 4A).  

Extinction. Although CS-elicited freezing decreased across extinction training (block 

main effect: F4, 60 = 11.90, p < .001, ηp
2 = .44), there was a significant difference between 

naloxone- and saline-treated adolescent rats (drug main effect: F1, 15 = 8.27, p = .01, ηp
2 = .36; 

Figure 4B). A significant block x drug interaction was also found (F4, 60 = 3.69, p = .01, ηp
2 = 

.20), which was followed up by post-hoc independent t-tests. While there was no difference 
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in CS-elicited freezing at the start of extinction training (Block 1: t15 = .77, p = .45), 

naloxone-treated rats expressed significantly higher CS-elicited freezing at the end of 

extinction training (Block 5: t15 = 3.74, p = .002, d = 1.87). Therefore, naloxone prevented 

reductions in CS-elicited freezing across extinction training in rats conditioned as juveniles 

and extinguished as adolescents.  

Test. As was observed during extinction training, naloxone-treated rats expressed 

significantly higher levels of CS-elicited freezing than saline-treated rats (t15 = 2.21, p = .04, 

d = 1.08; Figure 4C), suggesting that adolescent rats that acquire fear as juveniles recruit 

opioid-mediated prediction error signalling during the first day of extinction training, unlike 

adolescents that acquire fear as adolescents.  

Discussion 

The acquisition of extinction learning is critical for successful exposure therapy, and 

this process is underpinned by prediction error. In this study, we provide evidence of a 

developmental deficit in generating and/or utilising prediction error signalling during 

Figure 4. Mean (±SEM) levels of CS-elicited freezing at conditioning (A), extinction training (B), 
and test (C) for adolescent rats that were conditioned as juveniles injected with Saline (n = 8) or 
Naloxone (5mg/kg; n = 9).  
Arrow depicts injection (INJ.) 10-min prior to extinction training. 
* indicates a significant effect of drug (p < .05) 
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adolescence based on opioid receptor involvement during extinction training. In adult rats, 

opioid receptor antagonism impaired extinction learning, as indicated by persistently high 

levels of CS-elicited freezing across extinction training (Experiment 1). While this effect was 

not seen when naloxone was administered prior to the first day of extinction training in 

adolescent rats (Experiment 2), it was observed during a second day of extinction training, a 

behavioural manipulation which led to good extinction retention (Experiment 3). 

Furthermore, when examining a second instance of good extinction retention during 

adolescence, naloxone administration impaired extinction learning in adolescent rats that 

were conditioned as juveniles (Experiment 4). This latter finding indicates that the experience 

of conditioning during the juvenile period somehow altered the involvement of opioid 

receptors in extinction learning during adolescence. An additional experiment determined 

that increases in CS-elicited freezing observed in naloxone-treated adolescent rats could not 

be accounted for by altered locomotor or anxiety-like behaviour, and instead reflected 

specific effects of opioid receptor antagonism on fear expression (Experiment 3B in the 

Supplementary Materials). Taken together, our work indicates that the recruitment of 

prediction error signaling mechanisms promotes extinction during adolescence. 

As was the case for extinction learning, naloxone administration impaired extinction 

retention in adult rats (Experiment 1), in adolescent rats when administered on the second day 

of extinction training (Experiment 3), and in adolescent rats that acquired fear as juveniles 

(Experiment 4). As rats were tested drug-free, impairments in extinction retention were likely 

to be a direct result of disrupting extinction learning via naloxone administration the previous 

day. Indeed, increases in fear expression across extinction training appeared to predict 

impaired extinction retention in naloxone-treated rats. Conversely, blocking opioid receptors 

during the first extinction session did not lead to increases in fear expression during 

extinction training, and had no effect on extinction retention the following day in adolescent 
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rats (Experiment 2). As opioid receptors are involved during the second, but not the first, day 

of extinction training in adolescence, this suggests a quantitative, rather than qualitative, 

difference in extinction learning during this developmental period, at least in terms of 

prediction error mechanisms.  

Endogenous opioids influence prediction error by acting at μ opioid receptors in the 

ventrolateral periaqueductal gray (McNally & Cole, 2006; Yau & McNally, 2019), and 

therefore changes in the density and/or function of μ opioid receptors within this region could 

impact extinction learning. While there has been limited investigations into the 

developmental trajectory of μ opioid receptors in extinction-related brain regions, equivalent 

μ opioid receptor expression has been reported in juvenile compared to adult rodents in the 

periaqueductal gray (Recht, Kent, & Pasternak, 1985; Smith, Ratnaseelan, & Veenema, 

2018). Importantly, there have been no comparisons of μ opioid receptors in this region 

during adolescence compared to younger and/or older age groups, and such a comparison is 

critical as receptor density and function can fluctuate in a non-linear fashion across 

development (e.g., Aubert, Cécyre, Gauthier, & Quirion, 1996). Therefore, it will be 

interesting in future research to determine the developmental trajectory of μ opioid receptor 

expression and functionality in an attempt to elucidate the mechanisms contributing to slower 

extinction learning during adolescence.  

In stark contrast to adult rats, naloxone administration did not alter CS-elicited 

freezing during the first day of extinction training in rats conditioned and extinguished as 

adolescents. This would suggest that decrements in fear expression in these animals occurred 

due to a process independent of prediction error signalling. One such alternative process is 

habituation, a non-associative type of learning which leads to reduced behavioural responding 

due simply to repeated presentations of a stimulus (Groves & Thompson, 1970). Although 

classical models of habituation have focused on behavioural changes to unconditioned stimuli 
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(e.g., a loud noise), habituation has also been conceptualised as occurring to feared stimuli 

across exposure therapy in clinical settings (Foa & Kozak, 1986; Myers & Davis, 2007). 

While habituation has been suggested to contribute to short-term treatment gains within 

exposure therapy, there is a substantial body of work indicating that within-session 

habituation (as assessed by reductions in fear/anxiety across the session) fails to predict 

symptom improvements at the next session (Baker et al., 2010; Kircanski et al., 2012; Sripada 

& Rauch, 2015). This is likely because habituation only temporarily weakens fear responses 

within exposure sessions and does not involve learning new associations of safety (Craske et 

al., 2008; Plendl & Wotjak, 2010).  

Even in our animal experimental paradigm, determining the relative contributions of 

habituation versus extinction learning to decrements in fear expression across extinction 

training is difficult (and perhaps impossible). However, if habituation was indeed responsible 

for the reductions in fear expression seen in adolescent rats across the first session of 

extinction training, it is consistent with clinical outcomes in anxious youth. For instance, 

recent outcomes from a randomised controlled trial in children and adolescents diagnosed 

with an anxiety disorders found that across the course of cognitive behaviour therapy, within-

session habituation was not associated with reductions in anxiety symptoms at post-treatment 

or 1-year follow-up (Peterman et al., 2019). Instead, initial fear activation was the only 

variable to predict later anxiety symptoms, and so the authors suggested that habituation has 

limited clinical utility for young people. Together with our findings, this work suggests that 

moving forward, the clinical focus should be on facilitating extinction learning, rather than 

within-session reductions in fear/anxiety, during exposure therapy sessions.  

As adolescents appear to use prediction error signalling to acquire extinction when 

given additional extinction training, this suggests that extinction (and perhaps exposure 

therapy) could be facilitated by maximising prediction error/expectancy violations. Although 
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this could be achieved by giving extra extinction/exposure, this would require additional 

clinical time and resources. Alternatively, learning about prediction error could be maximised 

by combining extinction learning with a pharmacological adjunct. In the future, this might be 

able to be achieved by temporarily increasing opioid neurotransmission at the time of 

extinction training. Indeed, it would be valuable for future research to investigate whether 

pharmacological adjuncts which target the opioid system could enhance extinction learning in 

adolescents. In saying this, we do acknowledge the pressing issue of safety in youth – acute 

opiate administration may not be appropriate in clinical settings due to pain-modulating 

effects and propensity for addiction (Corder, Castro, Bruchas, & Scherrer, 2018). An 

alternative, perhaps more practical and safe, approach would be to maximise expectancy 

violations in clinical settings (Lebois, Seligowski, Wolff, Hill, & Ressler, 2019; McGuire & 

Storch, 2019). For instance, expectancy violations can be maximised by including several 

feared cues during exposure trials, or the clinician can verbally identify and reinforce the 

difference between the client’s expected and actual outcomes. It would be important to ensure 

that the clinicians were checking with their clients throughout the session and continuing 

exposure sessions until the client’s expected outcome has been refuted. Future work could 

examine whether modifying exposure therapy in line with these suggestions improve 

treatment outcomes during adolescence.  

Although our findings suggest that deficits in prediction error underlie extinction 

impairments during adolescence, the next step is to establish whether similar mechanisms 

mediate extinction learning in adolescent humans. This work may more directly inform 

research in clinical samples investigating whether opioid-mediated prediction error signalling 

mechanisms are impaired in individuals with anxiety. In saying this, extinction and exposure 

are based on the same underlying principle – that repeated exposures of a feared stimulus will 

eventually lead to the acquisition of a safety memory (Craske et al., 2018; Scheveneels, 
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Boddez, Vervliet, & Hermans, 2016). Furthermore, the neural mechanisms which underlie 

the two procedures are evolutionarily conserved across species, even when considering the 

differences between the rodent and human brain (VanElzakker, Dahlgren, Davis, Dubois, & 

Shin, 2014). The use of preclinical models is critical for developing a preliminary 

understanding of the learning and neural mechanisms which are involved in extinction, as this 

knowledge can then inform the development of pharmacological adjuncts, as well as 

modifications to exposure therapy.  

All the experiments in this study employed freezing as a behavioural index of fear. 

Although this is a very commonly examined measure, recently it has been suggested (e.g., 

LeDoux & Pine, 2016) that the subjective experience of fear in humans is qualitatively 

different from the purported expressions of fear in non-human animals (e.g., by freezing). 

From this perspective, using measures such as freezing in rodents may have limited 

applicability to increasing our understanding of the processes underlying therapy, and in 

improving therapeutic outcomes. While we acknowledge this perspective, others have argued 

against it, and instead have argued for a central neural network of fear that shares many 

similarities across species (Fanselow & Pennington, 2018). In addition, others have noted the 

critical role of non-human animal research at advancing our understanding and treatment of 

mental health conditions, including fear-related disorders (Bale et al., 2019; Holmes, Craske, 

& Graybiel, 2014).  

Taken together, we identified an adolescent-specific disruption in prediction error 

signalling in rodents, a learning mechanism that is critical for exposure-based therapies. The 

identification of developmental differences in the learning and neural processes which 

underpin safety learning is key for developing individualised modifications to enhance 

treatment outcomes. Our findings highlight a developmental difference in extinction learning, 

and add to the growing literature identifying differences in inhibitory learning mechanisms 
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between adolescents and adults. Furthermore, we provide a possible explanation as to why 

exposure-based therapies may be not be as effective during adolescence. While translation of 

our pre-clinical findings is required, we suggest that adolescent clients would benefit more 

from exposure-based treatments when clinicians emphasise expectancy violations over 

reductions in fear during exposure sessions.  
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