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Abstract

Background—Experimental extinction serves as a model for psychiatric treatments based on
associative learning. However, the effects of extinction are often transient, as evidenced by post-
extinction return of defensive behaviors. From a therapeutic perspective, an inherent problem with
extinction may be that mere omission of threat is not sufficient to reduce future threat uncertainty.
The current study tested an augmented form of extinction that replaced- rather than merely
omitted- expected threat outcomes with novel non-threat outcomes, with the goal of reducing post-
extinction return of defensive behaviors.

Methods—Thirty-two healthy male Sprague-Dawley rats and 47 human adults underwent threat
conditioning to a conditioned stimulus paired with an electrical shock. Subjects then underwent a
standard extinction protocol with shock omitted, or an augmented extinction protocol wherein the
shock was replaced by a surprising tone. Tests of post-extinction recovery occurred 24 hours later
in the absence of the tone.

Results—Replacing the shock with a novel non-threat outcome, as compared to shock omission,
reduced post-extinction recovery (freezing in rats and anticipatory skin conductance responses in
humans) when tested 24 hours later. Self-reported intolerance of uncertainty was positively
correlated with recovery following standard extinction in humans, providing new evidence that
post-extinction recovery is related to sensitivity to future threat uncertainty.

Conclusions—These findings provide cross-species evidence of a novel strategy to enhance
extinction that may have broad implications for how to override associative learning that has
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become maladaptive, and offer a simple technique that could be straightforwardly adapted and
implemented in clinical situations.
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Introduction

Without effort or intention, individuals retain information associated with highly aversive
experiences. In extreme cases, this leads to persistent intrusive memories and unwanted
physiological responses to cues associated with the event. Investigations on how to mitigate
the psychological and physiological impact of negative events borrows heavily from
research on extinction of classical threat (fear) conditioning, whereby the omission of an
aversive event reduces defensive behaviors, like increases in sympathetic arousal and
freezing. Laboratory research routinely shows, however, that defensive behaviors return
post-extinction (1-3). That learned defensive behaviors return even in laboratory
experiments with healthy subjects reveals that threat conditioning is a powerful form of
learning, and that extinction is a rather unsatisfactory way to acquire safety. As the
principles of extinction continue to serve as a model for clinical treatments like exposure
therapy (4, 5), there is strong motivation to discover innovative behavioral techniques to
prevent post-extinction return of defensive behaviors.

The weakness of extinction may be owed to a number of evolutionary and environmental
factors (see 6, 7). One limiting factor is that extinction does not eliminate the association
between a conditioned stimulus (CS) and an unconditioned stimulus (US). Instead,
extinction is a form of retroactive interference in which the new safety association competes
for expression against the original threat association (6, 8). This secondary association is
fragile, as evidenced by the return of conditioned responses (CR) following the passage of
time (spontaneous recovery), following presentation of the US (reinstatement), or when cues
are encountered outside the extinction context (renewal) (see 9 for review). Preventing the
return of CRs remains a challenge (10). Models that conceptualize extinction as another
form of associative learning propose that animals are provoked to learn by the surprising
absence of the US (8, 11). However, omission does not guarantee an effective learning
signal. This is especially true in relapse following exposure treatment, where highly feared
outcomes are repeatedly disconfirmed but continue to be expected following treatment, e.g.,
a persistent fear of dying in an airplane crash after exposure therapy for fear of flying. In
other words, the mere absence of the US is not sufficient to provoke a durable safety
memory.

Another limit to extinction is that US omission can render the meaning of the CS ambiguous
(12). That is, the CS takes on an additional meaning where it no longer predicts the US (or,
predicts “no US”). Resolving this ambiguity tends to favor expression of the original
memory, perhaps since this association was learned first and/or is simply more salient than
the extinction memory. For example, expression of threat conditioning readily generalizes to
related cues and across multiple contexts, whereas extinction tends to be confined to the
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extinguished cue in the extinction context (12-14). The unexpected absence of the US could
also promote a general sense of future threat uncertainty. If so, then individuals who have
difficulty coping with uncertainty may be especially prone to return of defensive behaviors
following extinction.

In the present study, we reasoned that extinction could be straightforwardly and effectively
augmented if the aversive US was instead replaced by a surprising non-threat outcome.
Here, an expected electric shock was replaced by a novel and affectively neutral tone. We
predicted that replacing shock with a novel outcome would reduce post-extinction
spontaneous recovery more effectively than shock omission alone for two principal reasons:
First, unlike the mere absence of the shock, a novel outcome should be more effective at
generating a mismatch between the predicted and received outcome, therefore signaling a
clear change in the environment to promote the acquisition of new learning (8, 15). Second,
a novel perceptible outcome should help resolve some ambiguity generated by shock
omission by providing a more substantive alternative association for the CS than “no
shock.”

It is important to note up-front certain methodological similarities to another form of
outcome interference: counterconditioning. In counterconditioning, the outcome switches
between opposing reinforcement qualities (appetitive and aversive) and thus opposing
behavioral responses (approach and avoidance). Counterconditioning serves as a model for
some behavior therapies (16, 17), but contemporary research on aversive-to-appetitive
counterconditioning in humans is scant (18, 19). However, there is ample evidence in rats
showing strong return of defensive CRs following counterconditioning (20-25). Unlike
counterconditioning, the current protocol replaces the US with a surprising stimulus that
does not reinforce any overt behavior.

The effect of this modified extinction protocol was assessed 24 hours after extinction in rats
(Experiment 1) and humans (Experiment 2), with the prediction that a novel non-threat
outcome would diminish spontaneous recovery. We additionally explored for the first time
whether individual differences in self-reported intolerance of uncertainty predicts post-
extinction recovery in humans.

Methods and Materials

Experiment 1

Animal subjects—Thirty-two male Sprague-Dawley rats (Hilltop Lab Animals,
Scottsdale, PA) were used in Experiment 1. Further details regarding the animal subjects and
threat conditioning procedures are included in the Supplemental Materials.

Rodent Threat Conditioning Procedures—Two contexts were created (‘A’ and ‘B’)
and made distinct with visual, tactile and olfactory cues. Subjects were placed in context A
on the first day of the study (Figure 1A), wherein the front panel light was illuminated for
30-seconds and co-terminated in the delivery of a 1 second 0.7 mA footshock on 100% of
trials. The acquisition session included 5 trials spaced apart by an approximate 180-second
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intertrial interval. Two minutes following the last trial, subjects were removed from the
chambers and returned to the colony for the remainder of the day.

Subjects were randomly assigned to one of two groups that differed only in regard to the
type of extinction training: extinction through shock omission (EXT) or extinction modified
by a surprising and novel non-threat outcome in place of the shock, a procedure we refer to
as novelty-facilitated extinction (NFE). Rats in both groups were placed in context B on day
two of the study. Subjects in the EXT group received only the 30-second light presentation.
For NFE subjects, the final 10-seconds of the light presentation were accompanied by a 5-
kHz tone. This session included 30 trials separated by 15-seconds with an additional 2
minutes following the final trial. No shocks were delivered during this session. The day after
extinction, all subjects were returned to context B for a test of extinction retention to the
extinguished light CS alone (5 trials). Exploratory tests of conditioned inhibition and
contextual renewal were then conducted in the same subjects to investigate the influence of
NFE on response inhibition. Data from these tests were mixed, and are not included here to
ease the interpretation of the spontaneous recovery data.

Rodent Behavior Analysis—A rater blind to experimental conditions manually scored
freezing behavior. Freezing is presented as a percentage of the total CS duration. Inspection
of acquisition indicated successful acquisition, i.e., all subjects demonstrated shock
reactivity and high rates of freezing (data not presented). Data from extinction were
analyzed with split-plot repeated measures analysis of variance (ANOVA) procedures using
Extinction-block (average of 5 CS trials) and Group (EXT, NFE) as within and between
subject factors respectively. Planned t-tests were used to directly compare freezing between
groups during extinction and recovery tests, and were considered significant at a < .05, two-
tailed.

Experiment 2

Human Participants—All participants gave written informed consent approved by the
University Committee on Activities Involving Human Subjects at New York University.
Sixty healthy volunteers participated in Experiment 2. Thirteen participants were excluded
from the final analysis due to technical problems (N = 2), failure to attend to the task (N =
2), or failure of threat conditioning as defined by a positive difference in mean skin
conductance responses (SCR) to the CS+ versus the CS— in the 2nd half of threat
conditioning (N = 9). Removing these subjects (non-learners) is justified as this
investigation is focused on recovery from extinction, which is predicated on participants
having evinced acquisition, and is standard practice in studies investigating extinction
manipulations (e.g., 26, 27, 28). The final sample included 47 participants (25 females;
Mean + SD: 24.06 + 6.79). A third group was run to investigate the effects of avoidance
responses on post-extinction recovery, but data from this group is not included here.
Following informed consent, participants completed the State and Trait Anxiety Inventory
[STAI; (29)] and the Intolerance of Uncertainty Scale [IUS; (30)], and then randomly
assigned to the EXT group (N = 23; 13 females) or the NFE group (N =24, 12 females)
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Human Threat Conditioning Procedures—Experiment 2 occurred over 2 days
separated by 24 hours (Figure 2A). Conditioned stimuli were two angry faces (31) presented
for 6 seconds that signaled the presence (CS+) or absence (CS-) of an aversive electric
shock to the right wrist during threat conditioning. Faces serving as CS+ and CS— were
counterbalanced. Each trial was separated by an intertrial interval of 12 seconds. Subjects in
all experimental groups wore headphones (Sennheiser HD-280 PRO), which they were told
were needed to block out background noise. This provided a convenient cover story for the
NFE group who later received surprising tones through the headphones during the
augmented extinction session.

Conditioning occurred over two runs that each included 8 presentations of the CS+ and CS—
(32 total trials). An additional 8 CS+ trials (4 in each run) co-terminated with the US (33%
reinforcement rate). CS+ trials paired with shock were not included in the data analysis to
mitigate any potential confound in the psychophysiological analysis introduced by the
shock; thus, the number of CS+ and CS- trials in the analysis were equal. A short
habituation phase preceded acquisition to reduce initial orienting responses, which contained
4 trials each of the CS+ and CS- (data not reported).

Following acquisition, subjects were randomly assigned to group EXT, or group NFE in
which a low-volume (> 60 decibel) 440 Hz-tone was unexpectedly presented and co-
terminated with each CS+ trial in place of the electric shock for 1.5 s. In both groups,
extinction occurred over two runs that included 8 presentations each of the CS+ and CS-
(32 total trials) in the absence of the US. Subjects returned 24 hours later, at which time the
shock electrodes were re-attached and the intensity level was set to the level reached the
previous day. The shock intensity was not recalibrated so as to avoid reinstatement prior to
the spontaneous recovery test. The recovery test included the CS+ and CS- (10 trials of
each) in the absence of shock. Additional details on the electrical shock, collection of skin
conductance responses, and an exploratory test of reinstatement are included in the
Supplemental Materials.

Human Psychophysiology Data Analysis—SCRs were analyzed separately for early
and late trials, as differences in responding between the CS+ and CS- tend to vary over the
course of training (see also 32). The late phase of threat conditioning was defined as the
mean of the last 8 CS+ and 8 CS- trials. The late phase of extinction was defined as the last
3 CS+ and 3 CS- trials. As the late phase of acquisition and extinction are the most relevant
to show learning effects, only the late phase for acquisition and extinction are reported.
Additionally, as prior research has shown that extinction manipulations tend to affect the
earliest presentations of the CS+ versus the CS— in recovery tests (33), the early phase of
spontaneous recovery was defined as the mean of the first 3 CS+ trials and first 3 CS- trials.
The late phase of extinction retention was defined as the mean of the last 3 trials of the CS+
and 3 CS-. Results from each phase were analyzed by repeated measures ANOVA with
stimulus (CS+, CS-) as a within subjects factor and group as a between subjects factor,
considered significant at a < .05, two-tailed. We provide a complementary analysis of
recovery that accounts for individual differences in acquisition, adapted from Milad et al.
(34). We calculated a “spontaneous recovery index” by dividing each subject’s mean SCRs
to the CS+ during early recovery by the largest SCR to the CS+ during acquisition on Day 1.
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This value provides a percent of recovery as a function of initial acquisition, with higher
values indicating stronger recovery as a function of initial conditioning, whereas lower
values indicate lower recovery as a function of initial conditioning.

Experiment 1: Novelty-facilitated extinction versus standard extinction in rats

Extinction—Freezing diminished over the course of extinction training in both groups
(Figure 1B). There was a significant main effect for trial block (average of 5 trials; F 5 15 =
9.16, P <.001), and no significant effect of group (P = .21); thus, extinction proceeded
comparably for both groups. Furthermore, there was no difference in freezing in the last 5
trials of extinction between the two groups (t3g = 1.28, P = 0.21), demonstrating that they
were at an equivalent level of freezing by the end of extinction.

24 hour extinction retention test—Extinction retention tests showed that subjects in
the EXT group froze significantly more than subjects in the NFE group (t3g = 2.70, P = .01,
d = .87), indicating that the NFE protocol diminished recovery of defensive responses
compared to mere omission of shock (i.e., standard extinction) in rats (Figure 1C).

Experiment 2: Novelty-facilitated extinction versus standard extinction in humans

Acquisition—SCRs from late threat conditioning showed equivalent levels of acquisition
between groups (Figure 2B). There was a main effect of CS (F 1, 45 = 63.11, P <.001, nzp: .
58), but no Group interaction (P =.99). Planned t-tests on differential SCRs (CS+ minus CS
—) confirmed acquisition in group EXT (ty» = 5.26, P <.001) and group NFE (ty3 = 6.02, P
<.001), with no difference between groups (P =.93).

Extinction—BY late extinction, there was no effect of CS (P =.13) and no Group
interaction (P = .15). As confirmation of extinction, t-tests performed on the late extinction
SCR difference scores were not significant for either group (Ps > .05).

24-hour spontaneous recovery test—The primary prediction in this experiment was
that replacing the US with a novel non-threat outcome would reduce post-extinction
recovery more effectively than merely omitting the US altogether. The early phase of
spontaneous recovery was characterized by a main effect of CS (F 1 45 = 18.72, P <.001,
nzp: .29) as well as a CS X Group interaction (F 1, 45 = 5.94, P = .019, n“,= .12). Planned t-
tests revealed greater differential SCRs (CS+ minus CS-) in the EXT relative to the NFE
group (t45 = 2.43, P =.019, d = .71). Consistent with the CS X Group interaction, paired t-
tests showed no SCR difference between the CS+ (Mean + Sandard Error: .41 £+ .07) and
CS- (.33 £.08) in the NFE group (tp3 = 1.35, P =.19), but significantly greater SCRs to CS
+ (.74 £ .09) than to the CS- (.43 £ .06) in the EXT group (ty» = 4.73, P <.001). These
effects persisted into late recovery, where there remained a main effect of CS type (F 1,45 =
7.33, P = .01, n?p=".140) and a CS X Group interaction (F 1, 45 = 6.96, P = .01, n%,= .13).
Again, this effect was driven by a greater SCR difference score in the EXT relative to NFE
group (t45 = 2.63, P =.011, d =.77). Consistent with analysis on early recovery SCRs, the
spontaneous recovery index also showed greater recovery in the EXT (57.28% + 5.96%)
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relative to the NFE (31.23% = 5.34%) group (t45 = 3.37, P < .01) (Figure 3A). Overall, these
results provide evidence that a novel non-threat outcome during extinction reduced post-
extinction recovery relative to standard extinction in which the US was merely omitted.

Correlations between spontaneous recovery and Intolerance of Uncertainty—
One potential explanation for the fragility of standard extinction is that the omission of the
US could in some individuals trigger a general sense of future threat uncertainty (35). That
is, rather than instilling a sense of safety, omission renders the probability of shock less
predictable in the long-term. This uncertainty could interfere with the formation of a
persistent extinction memory and lead to threat recovery when the CS is reencountered. One
approach to test this hypothesis is to examine whether threat recovery following extinction is
related to individual subject’s inability to cope with ambiguity and uncertainty, as measured
by subjective report on the Intolerance of Uncertainty Scale (IUS). Intolerance of
uncertainty (30, 36) is characteristic of individuals who tend to worry excessively (37), a
trait characterized by interpreting ambiguous events as threatening and overestimating risk
(38). There was a positive correlation between SCRs during early spontaneous recovery and
IUS scores in the EXT group (r2,; = .23, P =.022) but not in the NFE group (P = .89)
(Figure 2C). The correlation in the EXT group remained significant after controlling for trait
anxiety levels, r2,; = .21, P = .034. A correlation with IUS scores was also observed using
the spontaneous recovery index (r2,1 = .29, P =.008) but not in the NFE group (P = .89)
(Figure 3B). This association also held after controlling for trait anxiety levels, r2;y = .24, P
=.019), and a test of the difference between correlation coefficients revealed a significant
difference between the EXT and NFE group (P = .04).

Discussion

Results show that replacing an aversive shock with a novel non-aversive outcome was more
effective at diminishing recovery of conditioned responses in rats and humans than
extinction that relied on omission alone. Effective extinction learning necessitates that the
initial CS-US association is updated and modified by new information. Surprise encourages
this new learning by signaling change (15). Thus, when extinction fails to yield a persistent
memory, it could be due to the ineffectiveness of omission alone signaling a clear change in
the meaning of the CS. Consequently, reductions in defensive responses seen over the
course of standard extinction training do not necessarily reflect the formation of a durable
safety memory (39, 40).

In conditioning research, two heavily investigated forms of retroactive interference are
extinction and counterconditioning (41). Both types of new learning interfere with the
original CS-US association, but the original CR is prone to recovery (20). Thus, the results
obtained here are in contrast to those predicted from a counterconditioning protocol.
Theoretical accounts of counterconditioning have proposed that the effect relies on
competing motivational states and competing expectations between different reinforcements
with incompatible responses (17). In the case of aversive-to-appetitive counterconditioning,
reinforcement by a new appetitive outcome upholds the CS as an important cue in the
environment that commands a response - the manner determined by which memory
representation is retrieved at the time, approach or withdrawal. Indeed, counterconditioning
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is also referred to as cross-motivational transfer in the learning literature (e.g. 22), implying
the goal of the technique is to transfer responses from one set of motivated behaviors to an
opposing set of motivated behaviors. Here, we incorporated an outcome interference design
that did not reinforce a behavioral response. Consequently, subjects may have reinterpreted
the CS as behaviorally irrelevant through association with a novel neutral outcome. If the
goal of new learning is to reduce the relevance of threat conditioned cues altogether, then
counterconditioning may not be the most appropriate technique.

The technique used here can also be distinguished from response inhibition techniques that
focus on reducing the aversiveness of the US itself, including US habituation (42) and US

revaluation (43). In the present study, the meaning or intensity of the US was not targeted.

Rather, we focused on the uncertainty inherent to omission of the US during extinction by

replacing the US with a novel outcome.

The cross-species design of this study provides generalizability across different levels of
behavior, from freezing in rats to autonomic arousal in humans. It has been suggested that
SCRs are a cognitive expression of conditioned learning (44). That the NFE procedure was
effective in rats, however, provides evidence that these effects are not due to some cognitive
factor specific to humans. Importantly, in humans we were able to assess subjective ratings
of intolerance of uncertainty to test the hypothesis that recovery following standard
extinction is related to individual differences in 1U, affording a different level of analysis
than is possible from an animal model. Positive findings of the NFE technique in rats also
opens the possibility for more extensive future research on the neurophysiology underlying
this effect than is possible using humans, with a likely focus on regions implicated in
novelty enhanced learning, including the hippocampus and striatum (45).

The inclusion of human subjects also provides a closer step towards understanding the
clinical implications of the present results. The NFE technique may be appropriate for
therapeutic purposes when trying to diminish the perceived significance of situations or
stimuli inappropriately associated with danger. In other words, an association with an
unremarkable outcome could restore the neutrality of everyday events and objects. Clinical
applications could include augmenting exposure therapy to increase surprise using novel but
unremarkable outcomes, in line with clinical models that highlight the critical role for belief
disconfirmation for the success of exposure treatments (46, 47). For example, in exposure
treatments, it may be more beneficial to have negative beliefs disconfirmed by experiencing
an unexpectedly mundane event, rather than simply experiencing the absence of a negative
event. These findings lend support to the idea that updating beliefs for negative outcomes
may occur more efficiently through this sort of surprise, and also fit with associative
learning models that emphasize the importance of surprise on updating previously held
knowledge (8, 15).

While much research describes post-extinction return of defensive responses as an unwanted
consequence of unsuccessful extinction, it is important to point out that the failure to
completely override threat associations serves an adaptive purpose. That is, it is
advantageous to maintain a memory that certain cues signal danger despite some evidence to
the contrary, because even one encounter with a threat (e.g., a predator) threatens survival.

Biol Psychiatry. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dunsmoor et al.

Page 9

In other words, fully effective extinction could lead to the incorrect conclusion that a cue is
entirely safe, with disastrous results. Extinction learning provides animals with a repertoire
of flexible behaviors that are (ideally) generated under the appropriate circumstances. In
order to utilize the principles of extinction as a therapeutic tool, one must overcome the
limits to extinction, which are inherently beneficial under survival circumstances, but
maladaptive in pathological anxiety. Learning through surprise that a CS with a prior history
of predicting danger now predicts something trivial may help overcome these limits.

We note some limitations to the present studies. First, future research using the NFE
paradigm in clinical populations is needed to generalize these results to anxiety patients.
Future experiments will also be needed to determine how NFE targets other post-extinction
phenomena, including contextual renewal and reinstatement. Future studies in humans
should consider incorporating immersive virtual reality to emulate characteristics of real
world environments (48). Finally, an intriguing possibility is that NFE transforms the CS+
into a conditioned inhibitor (i.e., safety signal). Such an effect would be a powerful
demonstration that the NFE technique is far more effective than standard extinction, which
does not result in the CS taking on the properties of a safety signal (see also (49))

Finally, these results provide possible explanations as to why extinction often fails to instill
persistent memories, as individuals who express an inability to cope with ambiguity and
uncertainty were more susceptible to threat recovery following standard extinction. The
novelty-facilitated extinction technique presented here provides a straightforward technique
to help mitigate uncertainty inherent to extinction procedures, and may be especially
beneficial to reduce relapse in individuals with high to intolerance to uncertainty. Insofar as
the principles of threat conditioning and extinction have been successfully extended to
understand and treat clinical anxiety (5), this finding offers new insights into the types of
individuals who may be more likely to relapse following exposure therapy, and establishes a
strategy that is simple to implement and may provide more effective clinical outcomes than
strategies based on merely omitting aversive events.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This study was supported by NIH RO1 MH097085, NIH Grant MOH38774, and NIMH Training Award in Systems
and Integrative Neuroscience T32 MH019524.

References

1. Vervliet B, Craske MG, Hermans D. Fear extinction and relapse: state of the art. Annual review of
clinical psychology. 2013; 9:215-248.

2. Bouton ME. Context, ambiguity, and unlearning: Sources of relapse after behavioral extinction.
Biological psychiatry. 2002; 52:976-986. [PubMed: 12437938]

3. Rescorla RA. Spontaneous recovery. Learn Mem. 2004; 11:501-509. [PubMed: 15466300]

4. Foa EB, Steketee G, Rothbaum BO. Behavioral cognitive conceptualizations of post-traumatic stress
disorder. Behav Therapy. 1989; 20:155-176.

Biol Psychiatry. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dunsmoor et al.

10

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 10

. Milad MR, Quirk GJ. Fear extinction as a model for translational neuroscience: ten years of

progress. Annual Review of Psychology. 2012; 63:129-151.

. Bouton ME. Context, time, and memory retrieval in the interference paradigms of Pavlovian

learning. Psychological bulletin. 1993; 114:80-99. [PubMed: 8346330]

. Larrauri JA, Schmajuk NA. Attentional, associative, and configural mechanisms in extinction.

Psychological review. 2008; 115:640-676. [PubMed: 18729595]

. Pearce JM, Hall G. A model for Pavlovian learning: variations in the effectiveness of conditioned

but not of unconditioned stimuli. Psychological Review. 1980; 87:532-552. [PubMed: 7443916]

. McConnell BL, Miller RR. Associative accounts of recovery-from-extinction effects. Learn Motiv.

2014; 46:1-15. [PubMed: 24707062]

. Fitzgerald PJ, Seemann JR, Maren S. Can fear extinction be enhanced? A review of
pharmacological and behavioral findings. Brain research bulletin. 2014; 105C:46-60. [PubMed:
24374101]

Rescorla, RA.; Wagner, AR. A theory of Pavlovian conditioning: Variations in the effectiveness of
reinforcement and nonreinforcement. Appleton-Century-Crofts; 1972.

Bouton ME. Context and behavioral processes in extinction. Learn Mem. 2004; 11:485-494.
[PubMed: 15466298]

Vervliet B, Vansteenwegen D, Baeyens F, Hermans D, Eelen P. Return of fear in a human
differential conditioning paradigm caused by a stimulus change after extinction. Behaviour
research and therapy. 2005; 43:357-371. [PubMed: 15680931]

Vervoort E, Vervliet B, Bennett M, Baeyens F. Generalization of human fear acquisition and
extinction within a novel arbitrary stimulus category. PloS one. 2014; 9:¢96569. [PubMed:
24798047]

Courville AC, Daw ND, Touretzky DS. Bayesian theories of conditioning in a changing world.
Trends in cognitive sciences. 2006; 10:294-300. [PubMed: 16793323]

Paunovic N. Prolonged exposure counterconditioning as a treatment for chronic posttraumatic
stress disorder. J Anxiety Disord. 2003; 17:479-499. [PubMed: 12941361]

Wolpe J. Experimental neuroses as learned behaviour. Br J Psychol -Gen Sect. 1952; 43:243-268.
Bulganin L, Bach DR, Wittmann BC. Prior fear conditioning and reward learning interact in fear
and reward networks. Frontiers in behavioral neuroscience. 2014; 8:67. [PubMed: 24624068]
Raes AK, De Raedt R. The Effect of Counterconditioning on Evaluative Responses and Harm
Expectancy in a Fear Conditioning Paradigm. Behav Therapy. 2012; 43:757-767.

Delamater AR. Effects of several extinction treatments upon the integrity of Pavlovian stimulus-
outcome associations. Anim Learn Behav. 1996; 24:437-449.

Brooks DC, Hale B, Nelson JB, Bouton ME. Reinstatement after counterconditioning. Anim Learn
Behav. 1995; 23:383-390.

Bouton ME, Peck CA. Spontaneous recovery in cross-motivational transfer (counterconditioning).
Anim Learn Behav. 1992; 20:313-321.

Peck CA, Bouton ME. Context and performance in aversive-to-appetitive and appetitive-to-
aversive transfer. Learn Motiv. 1990; 21:1-31.

Thomas BL, Cutler M, Novak C. A modified counterconditioning procedure prevents the renewal
of conditioned fear in rats. Learn Motiv. 2012; 43:24-34.

Tunstall BJ, Verendeev A, Kearns DN. A Comparison of Therapies for the Treatment of Drug
Cues: Counterconditioning vs. Extinction in Male Rats. Exp Clin Psychopharmacol. 2012;
20:447-453. [PubMed: 23230857]

Kindt M, Soeter M. Reconsolidation in a human fear conditioning study: A test of extinction as
updating mechanism. Biological Psychology. 2013; 92:43-50. [PubMed: 21986472]

Kalisch R, Korenfeld E, Stephan KE, Weiskopf N, Seymour B, Dolan RJ. Context-dependent
human extinction memory is mediated by a ventromedial prefrontal and hippocampal network. J
Neurosci. 2006; 26:9503-9511. [PubMed: 16971534]

Milad MR, Orr SP, Pitman RK, Rauch SL. Context modulation of memory for fear extinction in
humans. Psychophysiology. 2005; 42:456-464. [PubMed: 16008774]

Biol Psychiatry. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dunsmoor et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

Page 11

Spielberger, CD. Manual for the State-Trait Anxiety Inventory. Palo Alto, California: Consulting
Psychologists Press; 1983.

Buhr K, Dugas MJ. The intolerance of uncertainty scale: psychometric properties of the English
version. Behaviour research and therapy. 2002; 40:931-945. [PubMed: 12186356]

Ekman P, Friesen WV. Measuring facial movement. Environmental Psychology and Nonverbal
Behavior. 1976; 1:56—75.

Rabinak CA, Angstadt M, Sripada CS, Abelson JL, Liberzon I, Milad MR, et al. Cannabinoid
facilitation of fear extinction memory recall in humans. Neuropharmacology. 2013; 64:396-402.
[PubMed: 22796109]

Schiller D, Monfils MH, Raio CM, Johnson DC, LeDoux JE, Phelps EA. Preventing the return of
fear in humans using reconsolidation update mechanisms. Nature. 2010; 463:49-53. [PubMed:
20010606]

Milad MR, Wright CI, Orr SP, Pitman RK, Quirk GJ, Rauch SL. Recall of fear extinction in
humans activates the ventromedial prefrontal cortex and hippocampus in concert. Biological
psychiatry. 2007; 62:446-454. [PubMed: 17217927]

Grupe DW, Nitschke JB. Uncertainty and anticipation in anxiety: an integrated neurobiological and
psychological perspective. Nat Rev Neurosci. 2013; 14:488-501. [PubMed: 23783199]

Freeston MH, Rhéaume J, Letarte H, Dugas MJ, Ladouceur R. Why do people worry? Personality
and Individual Differences. 1994; 17:791-802.

Dugas MJ, Gagnon F, Ladouceur R, Freeston MH. Generalized anxiety disorder: a preliminary test
of a conceptual model. Behaviour research and therapy. 1998; 36:215-226. [PubMed: 9613027]
Butler G, Mathews A. Anticipatory anxiety and risk perception. Cognitive Therapy and Research.
1987; 11:551-565.

Craske MG, Kircanski K, Zelikowsky M, Mystkowski J, Chowdhury N, Baker A. Optimizing
inhibitory learning during exposure therapy. Behaviour research and therapy. 2008; 46:5-27.
[PubMed: 18005936]

Rowe MK, Craske MG. Effects of varied-stimulus exposure training on fear reduction and return
of fear. Behaviour research and therapy. 1998; 36:719-734. [PubMed: 9682527]

Pavlov, IP. Conditioned Reflexes. London: Oxford University Press; 1927.

Storsve AB, McNally GP, Richardson R. Renewal and reinstatement of the conditioned but not the
unconditioned response following habituation of the unconditioned stimulus. Behavioural
processes. 2012; 90:58-65. [PubMed: 22465470]

Dibbets P, Poort H, Arntz A. Adding imagery rescripting during extinction leads to less ABA
renewal. J Behav Ther Exp Psychiatry. 2012; 43:614-624. [PubMed: 21907686]

Sevenster D, Beckers T, Kindt M. Instructed extinction differentially affects the emotional and
cognitive expression of associative fear memory. Psychophysiology. 2012; 49:1426-1435.
[PubMed: 22958209]

Izquierdo LA, Barros DM, Medina JH, lzquierdo I. Novelty enhances retrieval of one-trial
avoidance learning in rats 1 or 31 days after training unless the hippocampus is inactivated by
different receptor antagonists and enzyme inhibitors. Behavioural brain research. 2000; 117:215-
220. [PubMed: 11099775]

Salkovskis PM, Hackmann A, Wells A, Gelder MG, Clark DM. Belief disconfirmation versus
habituation approaches to situational exposure in panic disorder with agoraphobia: a pilot study.
Behaviour research and therapy. 2007; 45:877-885. [PubMed: 17296165]

Craske MG, Treanor M, Conway CC, Zbozinek T, Vervliet B. Maximizing exposure therapy: An
inhibitory learning approach. Behaviour research and therapy. 2014; 58C:10-23. [PubMed:
24864005]

Dunsmoor JE, Ahs F, Zielinski DJ, LaBar KS. Extinction in multiple virtual reality contexts
diminishes fear reinstatement in humans. Neurobiology of learning and memory. 2014

Leung HT, Reeks LM, Westhrook RF. Two ways to deepen extinction and the difference between
them. Journal of experimental psychology Animal behavior processes. 2012; 38:394—-406.
[PubMed: 23066980]

Biol Psychiatry. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dunsmoor et al.

A
Th.rgat. Extinction
conditioning
Context B
EXT
Context A 30CS

5CSwUS 2‘”"5/

\ 24 hrs

Page 12

Recovery

ContextB

5CS

)

\ 30 CS w tone

/

NFE

B Extinction C Recovery test

50 - OEXT ONFE 50 - T X¥%

40 40 -
(@) (@)
£ £
8 30 - qN) 30 - T
o o
L |20 - L |20 -
X X
° o - ° o+

0 T T T T T y 0
1 2 3 4 5 6 EXT NFE
Trials (BlOCkS of 5) Trials (1_5)
Figure 1.

(A) Procedure for Experiment 1 in rats. Two groups underwent identical differential threat
conditioning to initiate freezing to a conditioned stimulus (CS) paired with an electric shock
unconditioned stimulus (US). Twenty-four hours later in a new context, one group
underwent standard extinction in which the US was omitted on CS trials, while another
group underwent a modified extinction procedure in which the US was replaced by a novel
non-aversive tone. Spontaneous recovery was tested for both groups 24-hours later in the
extinction context. (B) Freezing during extinction in the two groups was equivalent. (C) The
NFE group showed significantly less evidence of recovery 24 hours later than the standard
extinction group. ** P < .01; error bars reflect standard error. CS duration was 30 seconds.
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Figure 2.
(A) Procedure for Experiment 2 in humans. Two groups underwent identical differential

threat conditioning to initiate conditioned skin conductance responses (SCR) to a
conditioned stimulus (CS+) paired with an electric shock unconditioned stimulus (US). An
unpaired CS (CS-) served as a within-subjects control condition. One group then underwent
standard extinction in which the US was omitted on CS+ trials, while another group
underwent a modified extinction procedure in which the US was replaced by a novel non-
aversive tone. Spontaneous recovery of SCRs to the CS+ versus CS— was tested 24 hours
later. (B) SCR results showed equivalent acquisition (CS+ minus CS-) and extinction on
Day 1. The NFE group showed no evidence of recovery 24 hours later, whereas the standard
extinction group showed robust recovery. * P <.05; ** P < .01; uS = square root
transformed SCRs, in microsiemens; n.s. = not significant; error bars reflect standard error.
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Figure 3.

(A) A complementary index of recovery was created for each subject by dividing mean
SCRs to the CS+ during early recovery by the subject’s largest SCR to the CS+ during
acquisition on Day 1. This value was multiplied by 100 providing an index of recovery as a
function of initial responding for each subject. The standard extinction group showed
significantly greater recovery by this index than the novelty-facilitated extinction group. (B)
Index of 24-hour spontaneous recovery correlated with self-reported intolerance for
uncertainty (IUS) in the standard extinction group. These correlations were selective to the
standard extinction group. ** P < .01; error bars reflect standard error.
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