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Abstract

In 2009, Monfils and colleagues proposed a behavioral procedure that was said to result in a
permanent attenuation of a previously established fear memory, thereby precluding a possible
return of fear after extinction (Science 2009;324:951-5). By presenting a single retrieval trial one
hour before standard extinction training, they found an enduring reduction of fear. The retrieval-
extinction procedure holds great clinical potential, particularly for anxiety patients, but the
findings are not undisputed, and several conceptual replications have failed to reproduce the effect.
These failures have largely been attributed to small procedural differences. This preregistered
study is the first endeavor to exactly replicate three key experiments of the original report by
Monfils et al. (2009), thereby gauging the robustness of their seminal findings.

Despite adhering to the original procedures as closely as possible, we did not find any evidence for
reduced return of fear with the retrieval-extinction procedure relative to regular extinction training,
as assessed through spontaneous recovery, reinstatement and renewal. Behavior of animals in the
control condition (extinction only) was comparable to that in the original studies and provided an
adequate baseline to reveal differences with the retrieval-extinction condition. Our null findings
indicate that the effect sizes in the original paper may have been inflated and question the
legitimacy of previously proposed moderators of the retrieval-extinction effect. We argue that
direct experimental evaluation of purported moderators of the retrieval-extinction effect will be
key to shed more light on its nature and prerequisites.
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Introduction

Anxiety disorders and posttraumatic stress disorder are among the most prevalent psychiatric
disorders (Kessler et al. 2005), and are hallmarked by substantial disability and poor quality
of life (DSM-5). An effective behavioral treatment strategy for these disorders is exposure
(Hofmann & Smits 2008, Ougrin 2011), which entails in vivo or imaginal contact with the
feared object or situation. An important downside of exposure therapy is the relatively
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frequent relapse of fear after seemingly successful treatment (Craske & Mystkowski 2006,
Loerinc et al. 2015, Yonkers et al. 2003). Extinction learning of conditioned fear memories
in the laboratory bears some resemblance to exposure therapy (Myers & Davis 2002,
Vervliet, Craske & Hermans 2013, Scheveneels et al. 2016). Likewise, under several
circumstances, researchers observe a return of fear after successful extinction learning
(Bouton 2002, 2004). This has been interpreted as evidence that extinction does not produce
an erasure of the fear memory, but rather involves new learning, resulting in an extinction
memory that coexists and competes with the original fear memory. Which memory will be
retrieved upon confrontation with the conditioned and subsequently extinguished stimulus
depends on the circumstances. The fear memory is, for example, more likely to surface
again after the passing of time (spontaneous recovery), after experiencing an aversive event
(reinstatement) or outside of the extinction context (renewal). Similarly, even after
successful exposure therapy, the original fear memory is not erased, thereby forming an
enduring risk for relapse.

In a highly influential paper, Monfils and colleagues proposed a modified extinction
procedure that was said to result in a more permanent attenuation of the fear memory,
thereby precluding a possible return of fear (Monfils et al. 2009). Using a cued fear
conditioning procedure in rats, a tone fear memory was formed and then extinguished again
one day later. Various recovery assays, including spontaneous recovery after one month,
reinstatement, renewal, and reacquisition tests, provided evidence that the fear memory was
retained through extinction. However, in a group of animals that received a single isolated
tone presentation one hour before extinction training, there was a significant attenuation of
the return of fear. These findings were soon confirmed in human subjects (Schiller et al.
2010) and mice (Clem & Huganir 2010). The recovery-reducing effect of the retrieval-
extinction procedure was attributed to the extinction training interfering with reconsolidation
of the fear memory after retrieval. It has been argued that consolidated memories can enter a
labile state upon retrieval. During this window of instability (< 6 hours), a fear memory
storing the association between a conditioned stimulus (CS) and an aversive unconditioned
stimulus (US; e.g., shock) may be impaired using certain pharmacological manipulations
(Nader et al. 2000, Debiec & LeDoux 2004, Beckers & Kindt 2017) that are assumed to
disrupt the reconsolidation of the fear memory into its stable form. Monfils and colleagues
proposed that, whereas the administration of amnestic drugs upon memory retrieval can
prevent the reconsolidation of a fear memory, extinction training applied within the
reconsolidation window can induce updating of the reactivated memory trace, by
incorporating non-threatening information about the CS. Their data indeed supported that
the retrieval-extinction procedure resulted in a more persistent fear reduction as compared
with standard extinction training.

Clearly, these findings have exciting implications regarding the possibility of fear memory
modification and hold great clinical potential. However, the fear recovery-reducing effect of
the retrieval-extinction procedure is not undisputed and many have questioned whether
merely changing the spacing of initial extinction training should result in such a marked loss
of the fear memory. Alternative accounts for the superior fear reduction observed after
retrieval-extinction relative to regular extinction (e.g., increased variability or spacing of the
extinction trials (Rowe & Craske 1998, Urcelay et al. 2009)) suggest that it may reflect
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enhanced extinction learning, resulting in a stronger or more retrievable extinction memory,
rather than the persistent modification of the initial fear memory (Baker, McNally &
Richardson 2013, Ponnusamy et al. 2016). The distinction between the reconsolidation-
based explanation of Monfils and colleagues and alternative accounts is not trivial, given that
the former implies a permanent disruption of the original fear memory, in which case there
could never be a return of fear, under any circumstances.

Although Monfils and colleagues have been able to replicate the effect multiple times,
independent conceptual replications have met with varying success (see Table 1). To the best
of our knowledge, a significant reduction of the return of cued fear in adult rats has not yet
been reported outside of the Monfils lab. Already in 2010, an Australian group published a
series of experiments that closely followed the original procedures, but failed to replicate the
fear recovery-reducing effect, and even found fear augmentation in some cases (Chan et al.
2010). Note that these authors did deviate from the original procedure on some aspects (e.g.,
a different rat strain was used, animals were handled for three days before the start of
experiments, animals were housed in groups of eight, and no experiment assessing the long-
term effect on spontaneous recovery was included). In a recent meta-analysis, Kredlow and
colleagues (2016) calculated an estimate of the effect size of the retrieval-extinction
procedure. Although they reported significant benefits of the retrieval-extinction procedure
over regular extinction training in rodent appetitive conditioning and human fear
conditioning, this was not the case for rodent fear conditioning. They included 10 fear
conditioning reports (involving a total of 34 experiments with 553 rodents) (see Table 1),
and found a small, non-significant reduction of the return of fear as compared with standard
extinction (Hedges’ g = 0.21). This effect was moderated by the number of animals housed
together (i.e., significant effects for animals housed alone) and the delay between the
retrieval-extinction procedure and the test for return of fear (i.e., significant effects for
spontaneous recovery tests after =6 days). Although the meta-analysis was a valuable
undertaking, the search for moderators in order to explain the inconsistent results in the
literature may be premature, given that we presently have no information regarding the
robustness of the initial effect in a direct, independent replication, and given the overall non-
significant effect in the existing literature.

The goal of the present series of three experiments was to try and replicate some of the key
findings of Monfils and colleagues, adhering to their reported procedures as strictly as
possible. More specifically, we compared the return of fear observed after a retrieval-
extinction procedure to the return of fear after regular extinction training, as assessed with
spontaneous recovery, reinstatement and renewal tests.

Materials & Methods

Preregistration

This study was registered on the Open Science Framework (OSF) (https://osf.io/aydfs) and
the study protocols were previewed by the editor of Neurobiology of Learning and Memory
before the start of data collection. Additional details regarding the timing of the behavioral
protocols and all raw data can be found on OSF.
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Male Sprague-Dawley rats (7-8 weeks old, weighing 270 + 12 g (mean + SD) three days
before the start of the behavioral sessions) (Janvier Labs, Le Genest-Saint-Isle, France) were
used for all experiments, which were approved by the KU Leuven animal ethics committee,
in accordance with the Belgian Royal Decree of 29/05/2013 and European Directive
2010/63/EU. Animals were individually housed in standard plastic cages and were
maintained on a 12h/12h day-night cycle (lights on at 8:00) with food and water available ad
libitum. Experiments were carried out between 9:00 and 18:30.

Animals were trained and tested in squads of four, in four identical fear conditioning
chambers, located in sound-attenuating cubicles (Contextual NIR Video Fear Conditioning
System for Rats, Med Associates Inc., St. Albans, VT, USA). Contextual features could be
changed in between sessions to create two distinct contexts (Luyten et al. 2016). Context A
consisted of a standard chamber, with a standard grid floor, a black triangular insert,
illuminated by infrared and white light, and was cleaned and scented with a household
cleaning product. Context B consisted of a standard chamber, with a white plastic floor, a
white plastic curved back wall insert, infrared light only and was cleaned and scented with
another cleaner.

In order to replicate the experiments as precisely as possible, we contacted the lead author of
the original study (M. Monfils) in advance. She kindly provided many additional details
regarding the behavioral procedures. In accordance with the original study, rats were not
handled before the start of the behavioral sessions, except for the housing and weighing of
the animals. Animals were transported to the lab on a wheeled cart in their homecage just
before the start of each behavioral session and returned to the animal facility immediately
after each session.

Fear conditioning—On the first day, rats were introduced in context A, and after 10
minutes of acclimation, they received three tone-shock pairings. Each 20-s, 5000-Hz, 80-dB
tone (CS) coterminated with a 0.5-s, 0.7-mA footshock (US). The intertrial interval was 180
s on average (range: 100-260 s), and animals remained in the chamber for 180 s after onset
of the last tone. Animals were semi-randomly matched into two groups with comparable
freezing values to the third tone.

Retrieval-Extinction—Twenty-four hours later, the animals received either a retrieval trial
(i.e., one CS) 2 minutes after introduction in the context (Ret group), or were merely
exposed to the context for 4 minutes without presentation of a tone (NoRet group). The rats
were then returned to the animal facility, and one hour after the end of the retrieval session,
brought back to the lab for an extinction training session consisting of 18 or 19 CS
presentations (Ret and NoRet group, respectively), starting 5 minutes after introduction in
the chamber, with intervals of 180 s (range: 100-260 s). Animals remained in the chamber
for 160 s after onset of the last tone. The retrieval and extinction sessions took place in
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context A for the spontaneous recovery and reinstatement experiments, and in context B for
the renewal experiment.

Spontaneous recovery experiment—Twenty-four hours later, rats received a long-
term memory (LTM) test consisting of 4 CS presentations in context A, starting 5 minutes
after introduction in the chamber, with intervals of 120 s (range: 60-180 s). Animals
remained in the chamber for 140 s after onset of the last tone. One month later, the
extinction memory was again assessed in a spontaneous recovery test, which also consisted
of 4 CS presentations.

Reinstatement experiment—One day after extinction, rats were re-exposed to context A
and received 5 unsignaled footshocks. The first US was administered 2 minutes after
introduction in the chamber, and the intervals between shocks were 60 s (range: 40-90 s).
Animals remained in the chamber for 120 s after onset of the last shock. Twenty-four hours
later, the rats were tested for reinstatement, by means of 4 CS presentations in context A.

Renewal experiment—One day after retrieval-extinction in context B, rats received a
long-term memory test consisting of 4 CS presentations in context B. Twenty-four hours
later, they were tested in the initial fear conditioning context (context A) by means of 4 CS
presentations.

Behavioral Scoring

Freezing behavior was scored manually with a stopwatch by two observers blind to the
experimental condition (Luyten et al. 2014). Freezing during each CS (i.e., the average of
both raters) was expressed as percentage of the total CS duration (20 s). In addition, freezing
before the first CS (pre CS freezing) was measured on the reinstatement test.

Sample size calculations

Monfils et al. did not provide effect sizes, but a recent meta-analysis (Kredlow et al. 2016) of
the retrieval-extinction effect reported large effect sizes for the spontaneous recovery
experiment (Hedges’ g: 1.895), the reinstatement experiment (Hedges’ g: 1.104) and the
renewal experiment (Hedges’ g: 1.738) of Monfils et al. Based on this information, we used
8 animals per group in the spontaneous recovery and renewal experiments and 12 animals
per group in the reinstatement experiment, yielding a power (G*Power 3.1.9.2, Kiel,
Germany) of .84 to obtain a similarly beneficial effect on reinstatement, and of well over .90
to obtain a similarly beneficial effect on spontaneous recovery and renewal of the retrieval-
extinction procedure (one-tailed).

Planned statistical analyses

For each experiment, acquisition of cued fear was evaluated with a repeated-measures
ANOVA (RM ANOVA), with factors Trial (CS1-3) and Group (Ret, NoRet). Next, two RM
ANOVAs were conducted to compare the rate of extinction between groups. The first RM
ANOVA compared freezing between groups (factor Group: Ret, NoRet) on all retrieval-
extinction trials (factor Trial: CS1-19). A second RM ANOVA compared freezing between
groups (factor Group: Ret, NoRet) on the last four extinction trials (factor Trial: CS16-19).
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To evaluate the recovery of cued fear in the spontaneous recovery experiment, we conducted
a RM ANOVA comparing the average of the last four trials of extinction with the average of
the four trials of the long-term memory test, and the average of the four trials of the
spontaneous recovery test (factor Session: extinction, long-term memory test, spontaneous
recovery test) between groups (factor Group: Ret, NoRet).

To evaluate the recovery of cued fear in the reinstatement experiment, we conducted a RM
ANOVA comparing the average of the last four trials of extinction with the average of the
four trials of the reinstatement test (factor Session: extinction, reinstatement test) between
groups (factor Group: Ret, NoRet).

To evaluate the recovery of cued fear in the renewal experiment, we conducted a RM
ANOVA comparing the average of the last four trials of extinction with the average of the
four trials of the long-term memory test, and the average of the four trials of the renewal test
(factor Session: extinction, long-term memory test, renewal test) between groups (factor
Group: Ret, NoRet).

To evaluate the recovery of cued fear in more detail, and to assess group differences and
within-session extinction, additional RM ANOVAs (factors Trial and Group) were carried
out, including freezing on each tone instead of the average of 4 tones, thereby making
optimal use of the information provided by each trial. These analyses were conducted for
each test session separately (long-term memory, spontaneous recovery, reinstatement and
renewal tests).

The significance level was set at p < .05 for all statistical tests. If Mauchly’s test indicated a
violation of the sphericity assumption, a Greenhouse-Geisser correction was applied. To
further investigate significant main effects or interactions, Tukey’s posthoc tests were
conducted. All analyses were carried out using Statistica 13.1 (Dell Inc, Tulsa, OK, USA)
and all graphs were made with GraphPad Prism 7 (GraphPad Software Inc, La Jolla, CA,
USA).

Additional statistical analyses (not included in the preregistered analysis plan)

Because of significant within-session extinction on the long-term memory, spontaneous
recovery and renewal tests, additional RM ANOVAs (factors Session and Group) were
conducted to further evaluate the return of fear, by assessing the change in freezing from the
last trial of the long-term memory test to the first trial of the subsequent test.

In addition, following the approach described in the meta-analysis of Kredlow and
colleagues, we determined Hedges’ g effect sizes for each experiment (Lakens 2013). More
specifically, we calculated the change in freezing from the end of extinction (average of the
last four trials) to the test assessing the return of fear (average of the four trials of either the
spontaneous recovery test, the reinstatement test or the renewal test), and compared these
values between groups.
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Experiment 1. Spontaneous recovery

All rats were included in the final analyses (n = 8 per group) (Fig. 1). Note that extra
analyses excluding two subjects with less than 5% freezing on the final acquisition trial
reached the same conclusions.

Cued fear was acquired in both groups, without significant group differences, indicating that
matching based upon freezing during the third training tone was effective. Accordingly, the
RM ANOVA showed a main effect of Trial (F(2,28) = 12.76, p < .001, nzp = 0.48), but no
main effect of Group (F(1,14) = 0.02, p = .88), and no interaction. There was adequate
expression of fear on the isolated retrieval trial in the Ret group (42% freezing on average).
During the extinction phase, cued fear was extinguished in both groups. To compare the rate
of extinction between groups, two RM ANOVAs were conducted. The first RM ANOVA
(with Greenhouse-Geisser correction) compared freezing on all retrieval-extinction trials and
found a main effect of Trial (F(5.6,78.5) = 8.58, p <.0001, nzp = 0.38), but no main effect of
Group (F(1,14) = 2.74, p = .12), and no interaction. In line with the original Monfils et al.
paper, we also conducted a second RM ANOVA, comparing freezing between groups on the
last four extinction trials. Again, we found no main effect of Group (F(1,14) = 1.43, p =.25),
and no main effect of Trial, nor interaction. Taken together, these analyses indicate that there
were no significant differences in extinction between both groups.

To evaluate the recovery of cued fear, we conducted a RM ANOVA comparing the average
of the last four trials of extinction with the average of the four trials of the long-term
memory test, and the average of the four trials of the spontaneous recovery test between
groups (see also Fig. S1). We found a main effect of Session (F(2,28) = 10.84, p <.001, nzp
= 0.44), but no main effect of Group (F(1,14) = 0.31, p = .59), nor interaction. Tukey’s
posthoc tests showed more freezing to the tone during the long-term memory test and
spontaneous recovery test than at the end of extinction (both p’s < .01), indicating that there
was equivalent recovery of cued fear in both groups, which did not differ significantly
between the long-term memory test and spontaneous recovery test.

Additional RM ANOVAs were conducted to further evaluate any group differences and
within-session extinction. For the long-term memory test, no group differences were found,
but there was a main effect of Trial (F(3,42) = 4.47, p < .01, n%p = 0.24), indicating
significant within-session extinction. Tukey’s posthoc tests showed more freezing (p < .05)
during the first tone than during the second and fourth trials. For the spontaneous recovery
test, no group differences were found either, and there was again a main effect of Trial
(F(3,42) = 10.04, p < .0001, n%p = 0.42), indicating significant within-session extinction.
Tukey’s posthoc tests found more freezing (p < .05) during the first tone than during the
third and fourth. Because of the significant within-session extinction in both test sessions,
we conducted an additional RM ANOVA to evaluate the return of fear on the spontaneous
recovery test in both groups. We compared freezing during the last trial of the long-term
memory test with freezing during the first trial of the spontaneous recovery test, and found a
significant effect of Session (F(1,14) = 5.05, p < .05, n%p = 0.27). The extent of returned fear
on the spontaneous recovery test did not differ significantly between groups.
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Experiment 2: Reinstatement

Two rats met the preregistered exclusion criterion and were excluded from the final analyses
(yielding n = 10 in Ret group, n = 12 in NoRet group) (Fig. 2). This exclusion criterion
stated that rats showing less than 15% freezing during each of the first 3 tone presentations
on the retrieval-extinction day were considered non-learners. Note that extra analyses
including these rats or excluding one additional subject with less than 5% freezing during
the final acquisition trial reached the same conclusions.

Cued fear was acquired in both groups, without significant group differences, indicating that
matching based upon freezing during the third training tone was effective. Accordingly, the
RM ANOVA showed a main effect of Trial (F(2,40) = 38.28, p <.0001, nzp = 0.66), but no
main effect of Group (F(1,20) = 0.16, p = .69), and no interaction. There was adequate
expression of fear on the isolated retrieval trial in the Ret group (40% freezing on average).
During the extinction phase, cued fear was extinguished in both groups. To compare the rate
of extinction between groups, two RM ANOVAs were conducted. The first RM ANOVA
(with Greenhouse-Geisser correction) compared freezing on all retrieval-extinction trials and
found a main effect of Trial (F(4.9,98.8) = 12.71, p < .0001, nzp = 0.39), but no main effect
of Group (F(1,20) = 0.01, p =.92), and no interaction. In line with the original Monfils et al.
paper, we also conducted a second RM ANOVA, comparing freezing between groups on the
last four extinction trials. Again, we found no main effect of Group (F(1,20) = 1.96, p =.18),
and no main effect of Trial, nor interaction. Taken together, these analyses suggest that there
was equivalent extinction in both groups.

During the five minutes preceding the first CS of the reinstatement test, freezing was high in
both groups (mean + SEM was 55% + 5% in both groups, unpaired t-test, t(20) = 0.04, p =.

97). Notably, pre CS freezing in the original Monfils et al. (2009) paper was surprisingly low
(about 1-5%) and may have been reported incorrectly.

To evaluate the recovery of cued fear on the reinstatement test, we conducted a RM ANOVA
comparing the average of the last four trials of extinction with the average of the four trials
of the reinstatement test between groups (see also Fig. S2). We found a main effect of
Session (F(1,20) = 27.94, p < .0001, nzp = 0.58), but no main effect of Group (F(1,20) =
2.23, p = .15), nor interaction, indicating that there was equivalent reinstatement of cued fear
in both groups. For the four CSs of the reinstatement test, an additional RM ANOVA (with
Greenhouse-Geisser correction) was conducted to evaluate group differences and within-
session extinction, none of which were found.

Experiment 3: Renewal

All rats were included in the final analyses (n = 8 per group) (Fig. 3).

Cued fear was acquired in both groups, without significant group differences, indicating that
matching based upon freezing during the final acquisition trial was effective. Accordingly,
the RM ANOVA showed a main effect of Trial (F(2,28) = 24.09, p <.0001, nzp =0.63), but
no main effect of Group (F(1,14) = 0.52, p = .48), and no interaction. There was adequate
expression of fear on the isolated retrieval trial in the Ret group (51% freezing on average).
During the extinction phase, cued fear was extinguished in both groups. To compare the rate
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of extinction between groups, two RM ANOVAs were conducted. The first RM ANOVA
(with Greenhouse-Geisser correction) compared freezing on all retrieval-extinction trials and
found a main effect of Trial (F(5.7,79.9) = 18.94, p <.0001, nzp = 0.57), but no main effect
of Group (F(1,14) = 0.04, p = .84), and no interaction. In line with the original Monfils et al.
paper, we also conducted a second RM ANOVA, comparing freezing between groups on the
last four extinction trials. Again, we found no main effect of Group (F(1,14) = 1.05, p =.32),
and no main effect of Trial, nor interaction. Taken together, these analyses suggest that there
was equivalent extinction in both groups.

To evaluate the recovery of cued fear, we conducted a RM ANOVA comparing the average
of the last four trials of extinction with the average of the four trials of the long-term
memory test, and the average of the four trials of the renewal test between groups (see also
Fig. S3). We found a main effect of Session (F(2,28) = 10.20, p < .001, nzp =0.42), but no
main effect of Group (F(1,14) = 0.07, p =.79), nor interaction. Tukey’s posthoc tests showed
more freezing to the tone during the long-term memory test and renewal test than at the end
of extinction (both p’s <.01), indicating that there was equivalent recovery of cued fear in
both groups, which did not differ significantly between the long-term memory test and
renewal test.

Additional RM ANOVAs were conducted to evaluate group differences and within-session
extinction. For the long-term memory test, no group differences were found, but there was a
main effect of Trial (F(3,42) = 18.46, p < .0001, nzp = 0.57), indicating significant within-
session extinction. Tukey’s posthoc tests showed more freezing (p < .05) during the first
tone of this session than during the three following tones. For the renewal test, no group
differences were found either, but there was a main effect of Trial (F(3,42) = 7.18, p < .01,
with Greenhouse-Geisser correction, n°p = 0.34), again indicating significant within-session
extinction. Tukey’s posthoc tests showed more freezing (p < .05) during the first and second
tone than during the following trials. Because of the significant within-session extinction in
both test sessions, we conducted an additional RM ANOVA to evaluate the return of fear on
the renewal test in both groups. We compared freezing during the last trial of the long-term
memory test with freezing during the first trial of the renewal test, and found a significant
effect of Session (F(1,14) = 12.09, p < .01, n%p = 0.46). The extent of returned fear on the
renewal test did not differ significantly between groups.

When comparing freezing at the end of extinction (last four trials) with the spontaneous
recovery test between groups, Hedges’ g was -0.80 (Exp. 1). More specifically, we found
morereturn of fear in the Ret group than in the NoRet group, although this difference was
not significant. Comparison of the end of extinction with the reinstatement test between
groups resulted in a Hedges’ g effect size of 0.19 (Exp. 2). Here, we found /ess return of fear
in the Ret group than in the NoRet group, but this difference was again not significant and
the effect was small. Finally, when comparing the end of extinction with the renewal test
between groups, Hedges’ g was -0.60 (Exp. 3). There was again more return of fear in the
Ret group than in the NoRet group, without the difference being significant.
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Discussion

This study is a direct replication of three key experiments from the influential 2009 Science
paper by Monfils and colleagues, in which they introduced a modified extinction procedure
that resulted in a more enduring attenuation of the fear memory, by presenting a single tone
stimulus one hour before the start of standard extinction training (Monfils et al. 2009). The
findings and proposed mechanism are somewhat controversial (Chan et al. 2010, Baker,
McNally & Richardson 2013, Ponnusamy et al. 2016), and failed conceptual replications
have largely been attributed to (small) procedural differences (Kredlow et al. 2016,
Gershman et al. 2017). To date, a direct replication that evaluates the robustness of the initial
findings had not yet been published. This was the goal of the current study.

Overall, we did not find any evidence for reduced return of fear with the retrieval-extinction
procedure, as assessed with spontaneous recovery, reinstatement and renewal. Behavior of
control animals (NoRet group, i.e. extinction only) during training and extinction was
similar to that in the Monfils et al. paper. Residual cued fear at the end of extinction was
very comparable as well (around 15% freezing), as was the degree of returned fear, thereby
providing adequate baseline behavior to reveal differences with the experimental condition
(Ret group, retrieval-extinction).

In the spontaneous recovery experiment (https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3625935/figure/F1), Monfils and colleagues found negligible spontaneous recovery in
both Ret (“1 hr’ group in the Monfils et al. paper) and NoRet conditions (‘context’ group in
the Monfils et al. paper) after 24 hours, and in the Ret group after one month. However, in
the NoRet group, there was evidence for a return of fear, and freezing levels almost doubled
from the end of extinction (last 4 trials) to the test after one month. In our hands, there was a
very comparable return of fear in both groups, already after 24 hours. Although spontaneous
recovery occurred at an earlier time point here than in the original paper, this should not
have precluded us from finding a retrieval-extinction effect. In fact, in a human fear
conditioning study, Schiller, Monfils and colleagues found a complete attenuation of
spontaneous recovery one day after extinction training in the Ret condition (Schiller et al.
2010).

In the reinstatement experiment (https://www.ncbhi.nlm.nih.gov/pmc/articles/PMC3625935/
figure/F3), Monfils and colleagues observed a significant return of fear in the NoRet group
(a 2.5-fold increase in freezing from the end of extinction to the reinstatement test), but no
change in the Ret group. In our hands, both groups showed similar reinstatement of cued
fear.

In the renewal experiment (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3625935/figure/
F2), Monfils and colleagues found no spontaneous recovery in both groups after 24 hours.
One day later, they found a return of fear in the NoRet group, with freezing levels almost
doubling from the test in context B to the renewal test in context A. There was no increase in
freezing in the Ret group. Here, we found, in line with our first experiment, considerable
spontaneous recovery after 24 hours in both groups. When collapsing data over 4 CS
presentations, we found no further increase from the 24-hour test in context B to the renewal
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test in context A. Of note, additional trial-by-trial analyses showed considerable within-
session extinction on both days and a significant return of fear in context A in both groups
when comparing the last CS in context B with the first CS in context A (a 3.5-fold increase
in freezing).

We would like to point out that the experimental protocols and designs, which we adopted
from the original study without modification, may not have been optimal to assess return of
fear in an unambiguous manner. First, one can argue that the long-term memory test, which
takes place one day after extinction training, is not necessary provided that freezing at the
end of extinction is equivalent in both groups. Exposure to the context and tones during this
test may induce additional extinction and confound fear responses on subsequent
spontaneous recovery or renewal tests. Second, the reinstatement procedure with 5
unpredictable shocks may have been overly strong, resulting in considerable context
conditioning thereby hampering the interpretation of freezing to the tone. In follow-up
studies, Monfils and colleagues have indeed converted to reinstatement procedures with just
two shocks (Auchter et al. 2017). In addition, a control condition without reinstatement
shocks would be informative to appropriately assess the return of fear. Third, in the absence
of additional control conditions in the renewal experiment (e.g. training and extinction in A,
then test in B or training in A, extinction in B and then two days of tests in B), we cannot
unequivocally state that increased freezing during the renewal test is genuine renewal. It
might as well be spontaneous recovery or a combination of both. Nevertheless, any return of
fear, be it context-dependent or not, should have been attenuated by the retrieval-extinction
procedure, according to the memory updating framework of Monfils and colleagues.

Taken together, we did not reproduce the findings of Monfils and colleagues, even though
we copied their procedures as closely as possible. Nevertheless, there were some minor
differences in methods which we will enumerate here. Our animals had the same strain,
gender, age and body weight, but were purchased from a different supplier (Janvier Labs
instead of Hilltop Lab Animals, PA, USA). Also, we used different fear conditioning
equipment (MedAssociates instead of Coulbourn Instruments, PA, USA). Finally, there may
have been slight differences in the intervals between CS presentations. The intervals were
variable, as in the original paper, and we used the same average duration, but we did not
have any detailed information about the length of each interval. In our opinion, it is unlikely
that these slight procedural differences led to the failure to replicate, especially since our
control groups behaved as expected. Thus, despite optimal conditions for replication,
including sufficient power based on the effect sizes in the Monfils et al. paper (note that
these effect sizes may, however, have been inflated, as a result of the limited sample sizes
(typically n = 8 per group), see Button et al. 2013), the use of variable trial intervals (in
accordance with Auchter et al. 2017), the use of single-housed animals and inclusion of a
long-term spontaneous recovery test (in accordance with Kredlow et al. 2016), we were
unable to reproduce the recovery-attenuating effect of the retrieval-extinction procedure and
found much lower effect sizes.

Our null findings are, however, in line with the recent meta-analysis by Kredlow and
colleagues of fear conditioning experiments with rats or mice, which found an overall non-
significant effect of the retrieval-extinction procedure (Kredlow et al. 2016). In search for
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factors that could explain the inconsistent findings in the literature, the authors examined
several potential moderators. The fear-reducing effect was found to be significantly
moderated by the number of animals housed together and the delay between the retrieval-
extinction procedure and the test for return of fear. Given that, even in a direct replication
with optimal conditions, we were unable to reproduce the effect, holding on to these
moderators may be premature, and it is unlikely that other failed (conceptual) replications
can be fully accounted for by these factors. Rather, the moderators identified in the meta-
analysis may be the accidental result of the studies that were included in this analysis. None
of the included studies experimentally manipulated these moderators to probe their effect on
the retrieval-extinction procedure. Only a few papers, most of which were published after
completion of the Kredlow et al. meta-analysis in June 2014, have examined such procedural
aspects (see also Table 1). Clem & Huganir (2010) and Graff and colleagues (2014)
compared recent and remote fear memories (=1 week between acquisition and retrieval),
although the latter authors did not include the necessary extinction-only control condition
for animals with recent fear memories. Other studies — with contrasting results — have looked
at different age groups and some of them found differences regarding the efficacy of the
retrieval-extinction procedure (Ishii et al. 2015, Jones & Monfils 2016, Pattwell et al. 2016).
A recent study directly compared the variability of the intertrial intervals during extinction
training (Auchter et al. 2017) and found that more variability worked remarkably better.
While the influence of procedural differences between studies obviously cannot explain our
failure of an exact replication of the Monfils et al. paper, we strongly support the
experimental assessment of putative moderators as the way forward in identifying true
moderators and in resolving the elusive nature of the retrieval-extinction effect. More than a
meta-analysis over existing studies, direct experimental assessment of moderators (be they
derived from such meta-analysis or from theoretical analysis) has the power to reveal which
factors contribute critically to the advantage, if any, of retrieval-extinction over regular
extinction training.

Supplementary Material

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

. This is a preregistered, exact replication study of Monfils et al. 2009, Science

. They found less return of fear when adding a retrieval trial before extinction

. We found no evidence for attenuated fear recovery using retrieval-extinction

. This questions the validity of moderators derived from reviews and meta-

analyses
. Experimental evaluation of purported moderators may be the way forward
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Fig. 1. Spontaneous recovery experiment.
Presentation of an isolated retrieval trial, one hour later followed by an extinction phase,

does not prevent spontaneous recovery. All sessions were conducted in context A. Rats were
conditioned with 3 tone-shock pairings. Twenty-four hours later, they were exposed to a
single retrieval tone (Ret group, n = 8) or context only (NoRet group, n = 8), followed one
hour later by an extinction phase consisting of 18 or 19 tones, respectively. Twenty-four
hours after extinction training, long-term memory was tested by presenting 4 tones. One
month later, spontaneous recovery was evaluated with 4 tones. In contrast to the original
Monfils et al. paper, we observed spontaneous recovery already one day after extinction. In
addition, trial-by-trial analyses indicate a significant return of fear, in both groups, from the
end of the long-term memory test to the start of the spontaneous recovery test one month
later. Our data do not support an attenuation of spontaneous recovery in the Ret group as
compared with the NoRet group. Freezing during each tone presentation is shown as mean +
SEM, # indicates p < .05 and * indicates p < .01. Ret = retrieval, d = day, h = hour.
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Fig. 2. Reinstatement experiment.
Presentation of an isolated retrieval trial, one hour later followed by an extinction phase,

does not prevent reinstatement. All sessions were conducted in context A. Rats were
conditioned with 3 tone-shock pairings. Twenty-four hours later, they were exposed to a
single retrieval tone (Ret group, n = 10) or context only (NoRet group, n = 12), followed one
hour later by an extinction phase consisting of 18 or 19 tones, respectively. Twenty-four
hours after extinction training, rats received 5 unsignaled footshocks. One day later, they
were tested for reinstatement of cued fear by presenting 4 tones. In line with the original
Monfils et al. paper, we observed reinstatement of fear. However, our data do not support a
significant attenuation of reinstatement in the Ret group as compared with the NoRet group.
Freezing during each tone presentation is shown as mean + SEM and *** indicates p <.
0001. Ret =retrieval, d = day, h = hour.
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Fig. 3. Renewal experiment.
Presentation of an isolated retrieval trial, one hour later followed by an extinction phase,

does not prevent renewal. Rats were conditioned with 3 tone-shock pairings in context A.
Twenty-four hours later, in context B, they were exposed to a single retrieval tone (Ret
group, n = 8) or context only (NoRet group, n = 8), followed one hour later by an extinction
phase consisting of 18 or 19 tones, respectively. Twenty-four hours after extinction training,
long-term memory was tested by presenting 4 tones in context B. One day later, renewal was
evaluated with 4 tones in context A. In contrast to the original Monfils et al. paper, we
observed spontaneous recovery one day after extinction in both groups. In addition, trial-by-
trial analyses indicate a significant return of fear, in both groups, from the end of the long-
term memory test in context B to the start of the renewal test in context A. Our data do not
support an attenuation of spontaneous recovery nor renewal in the Ret group as compared
with the NoRet group. Freezing during each tone presentation is shown as mean + SEM and
* indicates p < .01. Ret = retrieval, d = day, h = hour.
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Previous publications (n = 22) using the retrieval-extinction procedure in rodent fear
conditioning studies.

An overview of all published (until March 2017) retrieval-extinction studies and whether they reported
significantly superior reduction of fear recovery relative to regular extinction. Adult animals were used for all
studies, unless indicated otherwise. For studies that used animals in (late) adolescence, the age (postnatal day,

p) at the time of extinction is indicated. 2Study by Monfils and co-workers. PRemote fear memories (=20-day
interval between acquisition and retrieval). Significant reduction of fear recovery was found in a reversed

control group (Ext-Ret). 9No significant reduction of fear recovery in the re-analysis by Kredlow, Unger &
Otto (2016). ®No reduction of fear recovery was found for less recent fear memories (7-day interval between
acquisition and retrieval). "Duration of the CS was longer during retrieval and extinction than during
acquisition. 9A trend (p = .073) toward a reduction of spontaneous recovery was observed.

Publication Fear reduction? Subjects Conditioned stimulus  Included in Kredlow et al. 2016?
Flavell, Barber & Lee 2011 Yes Rats Context Yes
Liu et al. 2014 Yes Rats Context No
Pifieyro et al. 2013 Yes Rats Context No
Rao-Ruiz et al. 2011 Yes Mice Context Yes
Costanzi et al. 2011 NoP Mice Context No
Gréaff et al. 2014 NobP Mice Context No
Stafford et al. 2013 No Mice Context No
Auchter et al. 20172 Yes Rats Cue No
Baker, McNally & Richardson 2013 Yes¢ Rats (p34-37) Cue Yesd
Clem & Huganir 2010 Yese Mice Cue Yes
Jones & Monfils 20162 YesP Rats (p45) Cue No
Jones, Ringuet & Monfils 20132 Yes Rats Cue Yes
Monfils et al. 20092 Yes Rats Cue Yes
Olshavsky et al. 20132 Yes Rats Cue Yes
Pattwell et al. 2016 Yes Mice Cue No
Chan et al. 2010 No Rats Cue Yes
Chan 2014 No Rats Cue Yes
Flavell, Barber & Lee 2011 No Rats Cue Yes
Gréaff et al. 2014 Nob:f Mice Cue No
Ishii et al. 2012 No Mice Cue Yes
Ishii et al. 2015 No Mice Cue No
Ishii et al. 2015 No Mice (p28-32) Cue No
MacPherson et al. 2013 No Mice Cue No
Pattwell et al. 2016 No Mice (p30) Cue No
Ponnusamy et al. 2016 No¢,9 Rats Cue No
Xuetal. 2013 Nof Mice Cue No
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