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Active suppression prevents the return of threat
memory in humans
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Unbidden distressing memories inflict serious damage on mental health. Extant research
highlights the importance of associative learning in modulating aversive memory. We report
that conscious active suppression eliminates learned fear responses independent of memory
triggers and is related to individual difference in thought control ability; in contrast, thought
diversion only reduces cue-specific fear response. These results suggest potential avenues
for treatment of persistent maladaptive memories by engaging declarative mnemonic control
mechanisms.
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intrusive traumatic memories can even be triggered by

mundane events in real life. Therefore, understanding
how to prevent the return of aversive memory has been one of the
fundamental research topics in psychiatry and clinical psychol-
ogy. Associative memories are learned through direct experience
such as Pavlovian conditioning and usually require very few
learning trials to remain robust and persistent.

To prevent the return of aversive associative memories, several
techniques have been developed in recent literatures that include
extinction! (the repeated non-reinforced presentation of condi-
tioned stimuli), reappraisal? (top-down cognitive regulation) and
reconsolidation® (the process of re-stabilizing a reactivated
memory). For example, both pharmacological and behavioral
interventions targeting reconsolidation processes have shown
promise to alter or even erase unwanted memories in both
rodents and humans since reactivation places memory into a
labile state and renders it susceptible to interference?-8.

However, aversive memories are typically encoded under spe-
cific context and associated with multiple triggering sensory cues,
and can be long consolidated before the memory modulation
efforts. In Pavlovian aversive conditioning paradigm, for instance,
modifying the contingency between a specific conditional sti-
mulus (CS) and unconditional stimulus (US) pairing during the
reconsolidation time window only specifically disrupts the reac-
tivated CS-US memory trace, while leaving other memory traces
of the same US intact”»%10,

Research on other memory types, such as declarative memory,
has highlighted the importance of cognitive suppression on
memory recalll 12, In the influential think/no-think (TNT) epi-
sodic memory paradigm, when participants encounter memory
triggering cues and actively keep unwanted cue-associated
memory out of awareness (no-think), they are less capable to
recall the rejected memory later, even under incentives for
accurate recall!l. This amnesia effect is believed to be caused by
the memory suppression itself via erasing the original memory
engram, as demonstrated by the cue-independent recall deficit
from the independent probe test, and has distinct behavioral and
neurobiological mechanisms!213,

Other mnemonic control methods, such as thought diversion,
are based on interference theory and suggest that specific target
memory can be interrupted during recall if there are multiple cue-
associated memories competing for the cue-triggered memory
retrieval. For example, in memory interference studies, previously
established cue-target memory recall was impaired when the
participants were asked to associate the cue with a substitute
memory target!3-16. However, compared to direct memory sup-
pression, memory interference effect is believed to be cue-specific
and cannot generalize to other target memory associated
cues!31%:16. Moreover, people with higher self-reported thought-
control capabilities show more severe cue-independent recall
deficit, suggesting that the direct suppression processes are
associated with individual difference in control abilities over
intrusive thoughts!”.

Despite the popularity of the TNT and memory interference
paradigms in declarative memory research, it is yet unclear
whether active suppression and interference of memory retrieval
can be applied to other memory types such as associative threat
memory, and, if so, whether this forgetting effect is related to
thought-control ability!”. It further begs the question of whether
memory retrieval suppression (active suppression) and memory
interference (thought diversion), both of which widely studied in
the mnemonic control research, work similarly on conditioned
threat memories.

Here we tested whether conscious memory suppression during
threat memory extinction training after the establishment of CS

N ot all memories are precious. Making matters worse,

(neutral visual stimulus)-US (mild electric shock) conditioning
would diminish the return of fear response, measured by the fear
memory reinstatement effect. To assess the generality of memory
suppression effect, we also tested the effect of thought diversion, a
cognitive process to mentally associate CS with a new neutral
outcome (see Methods), on later fear return.

We hypothesized that similar to declarative memory research,
direct memory suppression would diminish the return of asso-
ciative threat memory, irrespective of the triggering CS, whereas
thought diversion only eliminates CS-specific fear threat
response. If this is true, we would also expect that individual
differences in thought-control ability, a measure of individual’s
capability to control unwanted memory intrusion, would be
associated with the forgetting effect induced by direct memory
suppression, but not thought diversion.

Results

To test these hypotheses, we designed two experiments by com-
bining the active suppression manipulation and thought diversion
manipulation with fear extinction training!!!3. We adopted a
double-cue paradigm to assess the recovery of fear threat mem-
ories (Fig. 1a, b). Both experiments lasted 2 days and included
three phases: fear acquisition (Day 1), fear extinction combined
with direct active suppression (actively expel what might have
followed conditioned stimuli out of awareness) for Experiment 1
and with thought diversion (mentally relate conditioned stimuli
to neutral and soothing natural scenes) for Experiment 2 (Day 2),
and a test phase after fear reinstatement (30 min after extinction
training on Day 2) (see Methods for details).

In our experiments, participants were trained to associate
two colored squares on the computer screen (conditioned stimuli
(CS+)) with electric shocks in the acquisition phase (i.e., CS1+
and CS2+). During the extinction phase, active suppression
(Experiment 1) or thought diversion (Experiment 2) was applied
to one of the CS+ and fear responses to all the CS were examined
in the test phase to test the effects of different mnemonic control
methods. Therefore, both experiments can be designated into
three phases: acquisition, extinction, and test (Fig. 1).

All the conditioned fear responses were measured using the
spontaneous skin conductance responses (SCR). Participants of
both experiments also completed the Thought Control Ability
Questionnaire (TCAQ) to assess their perceived control abilities
over intrusive thoughts!'8. Therefore, the only difference between
Experiments 1 and 2 is the mnemonic control strategies: active
suppression or thought diversion, respectively.

We observed that CS1+ and CS2+ elicited similar conditioned
responses on Day 1 in both experiments. A mixed-model three-
way ANOVA showed a significant main effect of trial (Fg 477 =
5311, P<0.001, #2=0.091), but no effect of experiment (sup-
pression vs. diversion), CS+ (CS1+ vs. CS2+, defined as the
mean SCR differences between CS+ and CS-) or their interac-
tions (all P values > 0.1). Post-hoc t-tests showed that the mean
responses of CS1+ and CS2+ were significantly higher than those
of CS- in both experiments (CS1+: t,; =7.612, P <0.001; CS2+:
7 =10.04, P<0.001 for Experiment 1 and CS1+: f,s=7.174,
P <0.001; CS2+: t,s=7.645, P<0.001 for Experiment 2), sug-
gesting successful fear acquisition (Fig. 2a, b). To examine whe-
ther participants in both experiments achieved similar levels of
acquisition, we conducted a 2 (experiments) x 2 (CS+) mixed-
model two-way ANOVA on the late phase of fear acquisition (last
five trials), which showed no effect of experiment (F) 53 = 1.819,
P=0.183, #2 = 0.033), CS+ (CS1+4 vs. CS2+; F, 53 =0.297, P=
0.588, 2 =0.006) or their interaction (F,s;=2.361, P=0.134,
#? = 0.042). Importantly, the mean differential SCR responses
induced by CS1+ and CS2+ of the late phase of fear acquisition
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Fig. 1 Experimental design and procedure. a Experimental paradigm timeline. b Participants underwent fear acquisition, extinction, reinstatement, and test
phases in both experiments. In Experiment 1, extinction training was coupled with active suppression only on CS1+, but not CS2+ (suppression control) or
CS- (upper green rectangle), whereas in Experiment 2, extinction was combined with thought diversion treatment on CS1+4 but not CS2+ (diversion

control) or CS- (lower orange rectangle).

(CS1+ vs. CS2+, defined as the mean SCR differences between
CS+ and CS-) were not different in both experiments
(tr; =-1.439, P=0.162; t,=0.703, P=0.488, respectively;
Fig. 2¢).

We then set out to examine whether participants underwent
successful extinction training on Day 2. The similar three-way
ANOVA showed a significant effect of trial (Fo 4,7 =9.742, P<
0.001, 712 =0.155) and experiments (F;s3;=4.161, P=0.046,
#? = 0.073), but no significant effect of CS+ or interactions (both
P values > 0.05). To test whether participants in both experiments
achieved similar levels of extinction, we ran a 2 (experiments) x 3
(CS1+, CS2+, and CS-) mixed-model two-way ANOVA on the
last trial of extinction phase and found that there was no main
effect of experiment (F, 53 = 0.001, P=0.996, #2 = 0.001), across
CS (CS1+, CS2+, and CS—; F, 196 = 0.472, P = 0.625, 1 = 0.009)
or interaction (F, 06 = 1.299, P=0.277, #?=10.024). Post-hoc
t-tests further confirmed that there were no significant differences
between CS+ and CS- responses (all P values>0.1) in both
experiments (Fig. 2¢). Similarly, the differential SCR responses
related to CS1+ and CS2-+ on the last trial of extinction (CS1+
vs. CS2+, defined as the mean SCR differences between CS+ and
CS-) were not different in both experiments (t,; = -0.469, P =
0.643; ty6 = 0.832, P=0.413, respectively; Fig. 2c).

Fear reduction was assessed again using a three-way ANOVA
with the within-subjects factors CS+ (CS1+ vs. CS2+, defined by
the mean SCR differences between CS+ and CS-), phase (late phase
of acquisition vs. last trial of extinction), and between-subjects factor
experiment (suppression vs. diversion). There was a significant
effect of phase (F)s3=96.807, P<0.001, #?>=0.646), but no
effect of experiment, CS+ or their interactions (all P values > 0.05).
Post-hoc t-tests showed that there were significant decreases in
fear response from acquisition to extinction of both experiments

(CS1+: ty;=5.519, P<0.001; CS2+: f,;=6.168, P<0.001 for
Experiment 1 and CS1+: f,6 = 6.699, P <0.001; CS2+: f, = 6.308,
P <0.001 for Experiment 2).

Inspired by the declarative memory literature, we hypothesize
that direct suppression should cause cue-independent amnesia of
learned fear, whereas thought diversion’s effect is cue-
specific! 13, To test this, participants went through a reinstate-
ment treatment via exposure to the aversive stimuli (US) before
the test phase®®19, Successful reinstatement effect can be illu-
strated by the differential CS+ (compared to CS-) related SCR
responses from the last trial in the extinction phase to the first
trial in the test phase. Consistent with our hypothesis, reinstate-
ment effect is stronger in Experiment 2 (diversion) than in
Experiment 1 (direct suppression) (experiment x phase (extinc-
tion vs. test), F) 53 = 14.57, P <0.001, #* = 0.216; see Methods for
details). More specifically, in Experiment 1, direct fear memory
suppression following CS1+ in the extinction training eliminated
fear reinstatement for both CS14+ and CS2+ since the SCRs
related to both CS+ were not different from those of the CS-
(t,; =-1.844, P =0.076; t,; = -1.333, P = 0.194) in the test phase
(Fig. 2¢), whereas in Experiment 2, thought diversion on CS1+
only successfully eliminated the fear reinstatement for CS1+
(compared to CS-, t,6 =-0.992, P =0.33), while leaving the fear
SCR response to CS2+ intact (f,s =-4.663, P <0.001; Fig. 2c).
Together, these results suggest cue-independent and cue-specific
effects of direct memory suppression and memory diversion,
respectively (Fig. 2c).

In line with our second hypothesis, thought-control abilities
only affect the level of fear recovery in Experiment 1 but not
Experiment 2 (experiment x thought-control ability interaction,
F15,=6.744, P=0.012, #>=0.117). In addition, participants
with higher TCAQ scores showed greater diminishment of fear
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Fig. 2 SCR responses to conditioned stimuli in both experiments. a Mean SCRs of fear conditioned stimuli CS1+ (suppression) and CS2+ (suppression
control), and the no-shock control stimulus (CS-) across fear acquisition, extinction, and test phases in Experiment 1 (active suppression). b Mean SCRs of
fear conditioned stimuli CS1+ (diversion) and CS2+ (diversion control), and the no-shock control stimulus (CS-) in Experiment 2 (thought diversion).
¢ Mean differential SCRs (CS1+ minus CS-, and CS2+ minus CS-) in acquisition (late phase), extinction (last trial), and test phases (plotted as

fear recovery index: the difference between the first test trial and the last extinction trial for CS14+ and CS2+ of both experiments). **P < 0.001. NS
non-significant. Error bars represent standard errors.
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Fig. 3 Fear recovery as a function of thought-control abilities. a After direct active suppression manipulation, high thought-control participants showed
less fear recovery than low-control participants for both CS. b Thought diversion only diminished the CS-specific fear response, and thought-control ability
was not associated with the fear recovery of CS+. For both experiments, means of fear recovery index are depicted as large circles for high-control subjects
and triangles for low-control participants. Standard deviations are depicted in bars, measures for each subject in small dots and triangles, and distribution in

violin shape. *P <0.05, **P < 0.001. NS non-significant.

responses for CS1+ and CS2+ after direct suppression in
Experiment 1 (thought-control ability; F;,s=9.017, P=0.006,
7> =0.258; see Methods for details; Fig. 3a). Interestingly, there
was no difference of fear recovery between groups of high and low
thought-control ability after thought diversion manipulation in
Experiment 2 (thought-control ability; F; ;5 =0.736, P=0.399,
#? = 0.029; Fig. 3b). Importantly, there was no difference between
high and low thought-control ability participants at the end of
fear acquisition and extinction training in both experiments (all
P values > 0.10), suggesting that thought-control ability is speci-
fically associated with the levels of fear reinstatement effect.

Discussion

In two experiments with the double-cue fear learning, extinction,
and reinstatement paradigm, we tested the effects of direct active
suppression and thought diversion, two widely used mnemonic
control methods in declarative memory research, on the return of
conditioned threat memory response. It has been shown in the
declarative memory research that executive control, via the
engagement of dorsolateral prefrontal cortex (dIPFC) activities,
leads to reduced hippocampal activation and impairs memory
retention!l. More importantly, this memory suppression approach
seems to act upon the memory engram itself, rather than disrupt
memory retrieval! 20, However, whether such a mechanism can
also be applied to other memory types remains unknown.

The issue is further complicated by the fact that in declarative
memory research, mnemonic control methods were typically
tested on memories that had not gone through consolidation
process! 11320 (usually less than 1h after the training of cue-
target memory association in the laboratory experiments).
However, fear-related associative memory poses a greater chal-
lenge since it is usually well established before the memory
modulation attempt such as in posttraumatic stress disorder

(PTSD) or phobia patients®”:%21:22, Therefore, it remains to be
tested whether declarative memory inhibition (active suppres-
sion) and interference (thought diversion) methods can be
applied successfully to the consolidated fear memory.

Here in two experiments, we showed that active memory
suppression eliminated threat-related physiological responses in
the test phase after fear reinstatement and this effect further
generalized to memory traces that did not undergo suppression
treatment. In contrast, thought diversion’s effect on the return of
fear was cue specific. It is worth noting that both active sup-
pression and thought diversion were applied to the consolidated
fear memory that was established 24h before the extinction
training. Also, although fear reinstatement is a robust phenom-
enon in fear learning literature, our interpretation that active
memory suppression eliminated fear response hinged on the
results in Experiment 2, where thought diversion was only
effective on the CS+ to which it was specifically applied. The
other CS+ showed the stereotypical fear reinstatement effect.
These results were further corroborated by the findings that
individual differences in thought-control ability were associated
with the effect of memory suppression, but not thought diversion.

Previous literature suggest that there is a negative association
between suppression-induced forgetting and thought-control
ability?223. Such observation corroborates well with reported
suppression-induced forgetting impairment in PTSD or anxiety
patients, who are characterized by deficient memory and intrusive
thought control?%. Our results resonate with these findings and
further show that fear reinstatement reduction caused by active
suppression is also sensitive to the thought-control ability
whereas thought diversion induced forgetting is not (Fig. 3).

Together, these results suggest that direct suppression, by
actively pushing unwanted memory out of awareness, might serve
as a general mechanism in regulating memory retention across
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different memory types. Indeed, previous research has shown that
suppressing anticipatory dreadful events modulates activities in
the ventromedial prefrontal cortex (vmPFC), a critical brain
region also involved in fear extinction and reversal>>2°. There-
fore, it is possible that the interactions of dIPFC with brain
structures such as vmPFC and amygdala may underlie the direct
suppression effect on the return of threat memory observed in
our experiments!27,

This research also speaks directly to the predominant view that
reconsolidation might be the main target in modulating aversive
memory>~7>1%. In our task, fear reinstatement effect was tested
30 min after the fear extinction training where participants
underwent active suppression and thought diversion treatments
and significant threat memory impairment was detected. How-
ever, memory reconsolidation is thought to involve protein
synthesis and usually take hours to complete, rendering it an
unlikely mechanism for the memory deficits we observed®°.
Although future studies are needed to test how long the fear
amnesia induced by direct suppression might last, our results
nevertheless suggest that systemic suppression may engage dis-
tinct cognitive and neural mechanisms compared to memory
reconsolidation and they could open new avenues to the under-
standing and treatment of psychiatric disorders caused by
excessive fear or anxiety.

Methods

Participants. All participants were students recruited from Peking University.
They were right-handed with normal vision and had not participated in electric
shock-related experiments before. All participants provided informed consent and
were paid for their participation. This study was approved by the ethical committee
of Peking University.

We conducted a power analysiszs’zg (G*Power) to determine the number of
participants sufficient to detect a reliable effect. Based on average small-to-medium
effect size of reinstatement effect between treatment group and control group on
fear memories reported in the previous literatures (median 72 = 0.19)%%30, a
total of 48 participants for both experiments were needed to detect a significant
effect (o =0.05, $ = 0.8, 2 (experiments) x 2 (phases) x 2 (CS) three-way ANOVA
interaction effect).

Due to the well-known high attrition rate of SCR data collection”31:32 in recent
fear learning experiments, we first recruited a total of 90 human subjects (44
females; mean age = 22.2, SD = 2.59). Thirty-five participants (15 females; mean
age = 22.4, SD = 2.76) who were either “non-responders” (no SCR response to any
CS) or “non-learners” during fear acquisition or extinction”10-31:33:34 were excluded
from further analysis: Nineteen participants were excluded after Day 1 of testing for
not responding toward non-reinforced CS (CS1+, CS2+, or CS-) (non-responders,
n=29 and 10; Experiments 1 and 2, respectively). Four participants (1 =3 and 1,
respectively) failed to show the evidence of fear acquisition since their CS+
responses were numerically smaller than the CS- responses in the latter half trials of
acquisition and the difference between the CS+ response and the CS- response also
decreased during acquisition (non-learners). Finally, 12 participants (n =8 and 4,
respectively) failed to show the evidence of fear extinction on Day 2, since their CS+
responses were larger than the CS- responses in both the last trial and the latter half
trials of extinction and the difference between the CS+ and the CS- responses
increased during fear extinction (non-extinctioners).

The criterion for SCR difference (CS+ vs. CS-) increase during extinction was
defined as the conjunction of the following conditions: the SCR difference of the
last trial larger than that of the first trial of extinction, and the mean difference of
latter half trials larger than that of the first half trials in the extinction, and the
mean difference of latter half trials larger than that of the first trial, and the last trial
difference larger than the mean difference of the first half trials in the
extinction”31:32,

Therefore, our final sample included a total of 55 participants: 28 healthy
participants (15 females; mean age = 22.27, SD = 2.64) in Experiment 1 and 27
participants (14 females; mean age = 22.12; SD = 2.29) in Experiment 2. It should
be noted that our main results remain robust after including the 4 non-learners and
12 non-extinctioners into the statistical analyses.

Stimulus and psychophysiological stimulation. For both experiments, three
squares with different colors (yellow, red, and blue) were used as CS1+4, CS2+, and
CS-, respectively. During fear acquisition phase, CS14+ and CS2+ trials (16 each)
were paired with electric shocks (US) on a 37.5% partial reinforcement scheme, and
the CS- (10 trials) was not paired with shocks. The first trial of acquisition,
extinction, and test is a dummy stimulus (green cylinder) to account for the initial
orienting response and not included in the analysis®334. A pseudo-random

stimulus order was generated for acquisition and extinction phases of both
experiments. In the test phase, to exclude the possibility that the difference between
CS1+ and CS2+ was simply caused by the presentation sequence of CS1+ and
CS2+, half of the participants completed the test phase using a pseudo-random
stimuli sequence and the identities of CS14 and CS2+ reversed in the other half of
the participants. For both experiments, the stimulus colors were counterbalanced
across participants’-1033.34,

The US (electric shocks) were delivered to the right wrist of participants via a
DS-5 Isolated Bipolar Constant Current Stimulator (Digitimer, Welwyn Garden
City, UK). The US levels were set by the participants themselves, starting from a
slight level of shock (5v) and gradually increase and settle to a level that they
described as “uncomfortable, but not painful” (the maximum level was 10 V). The
duration of all electric shocks was 200 ms with a current of 50 pluses per second.

SCRs were collected using two Ag-AgCI electrodes attached to the tips of the
index and middle fingers of each subject’s left hand. All skin conductance data were
recorded via the Biopac” MP160 BioNomadix System, and analyzed using the
Acknowledgement 5.0 software. The SCR level for each trial was calculated as the
amplitude difference (in microsiemens) from peak to trough during the 0.5-4.5s
window after the colors stimuli (CS) onset. Responses below 0.02 uS were encoded
as zero>/»10:31,33.34 The raw SCR were divided by each subject’s mean US
responses and then square root transformed to normalize distributions.

The perception of the control ability over intrusions was measured by the 25-
item TCAQ scale!®. Participants were asked to rate on a five-point Likert-type scale
the extent to which they agree with the statement from 1 (completely disagree) to 5
(completely agree). The internal consistency (Cronbach’s alpha) of TCAQ scale
was 0.92, and the reliability coefficient was satisfactory (r = 0.88).

Experimental procedure. Both experiments were carried out for 2 consecutive
days with three stages. Before the experiments, all participants gave informed
consent. During the experiments, subjects were required to stay relaxed and still,
focus on the computer screen, and pay attention to the relationship between color
stimuli (CS) and the shock (US).

Dayl: Acquisition. During acquisition phases in two experiments, CS1+, CS2+,
and CS- were presented ten times each for 4 s without the US, and intermixed with
12 trials where CS1+ (6 trials) and CS2+ (6 trials) co-terminated with the shock.
Inter trial intervals (ITT) ranged from 10 to 12s.

Day2: Extinction. During extinction training in Experiment 1 (suppression
experiment), the CS1+, CS2+, and CS- were presented ten times each (lasting 4 s
without shock). Before each CS1+ (active suppression) trial, a “No Think”
instruction was displayed on the computer screen and lasted for 1s to remind
participants to actively avoid thinking about the potential consequence associated
with the upcoming stimuli (CS1+). More specifically, participants were asked to
blank their mind and keep fixation on the CS1+. If subjects accidentally thought
about the CS1+--related outcome, they should immediately push the thoughts out
of their consciousness. Participants were told to stop this process at the end of the
trial. For all the CS2+ (suppression control) and CS- trials, an empty screen
preceded the CS presentation instead and no such suppression was required.

During extinction phase in Experiment 2 (diversion experiment), participants
were presented with the “Imagine” instruction for 1 s before CS1+- display and they
were asked to imagine diversionary soothing natural scenes when the CS1+
(thought diversion) was presented on the computer screen. For example, if the
square color of CS1+- is blue, subjects can come up with the diversionary thought
of the blue sky. During the presentation of CS1+, participants were asked to
imagine the natural scenes and keep fixation on the CS1+-. Participants were told to
stop the diversionary thought after each CS1+- trial ended. For all the CS2+
(diversion control) and CS- trials, an empty screen preceded the CS presentation
instead and no such imagination was required.

Day?2: Reinstatement and test phases. For both experiments, 30 min after
extinction training, all participants received four un-signaled electric shocks with
10-12s ITT (reinstatement). Eighteen seconds later, all subjects were presented
with CS1+4, CS2+, and CS- ten times each without electric shocks and their SCRs
were recorded (test phase).

Statistical and reproducibility. To minimize the contamination of US-related
SCRs on data analysis, we only included non-reinforced trials in the statistical
analyses for both experiments (Fig. 2a, b).

To assess the recovery of fear response after reinstatement in both experiments,
we conducted a mixed-model three-way ANOVA with the within-subjects factors
CS+ (CS1+ vs. CS2+, defined by the mean SCR differences between CS+ and
CS-), phase (last trial of extinction vs. first trial of test), and between-subjects factor
experiment (suppression vs. diversion). We selected the last trial of extinction and
the first trial of test phases due to the rapid adaptation of fear responses
documented in the relevant literatures and it was a common practice to focus
analysis on a limited number of trials”-10-3234-41,

There were significant effects of experiment (F, 53 = 4.171, P = 0.046, 7 = 0.073)
and experiment x phase interaction (F)s; = 14.57, P <0.001, r/z =0.216), suggesting
active suppression and thought diversion have different effects on fear reinstatement.
More specifically, there was no significant effect of phase (F; ,; = 3.629, P = 0.067,
7 =0.118), CS+ (Fy,; = 0.482, P =0.493, 52 = 0.018), or their interaction (F,,; =
0.104, P=0.75, #> = 0.004) in Experiment 1. Post-hoc t-tests showed that actively
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suppressing fear retrieval in the extinction not only successfully eliminated fear
reinstatement for the targeted CS (CS1+, t,; = -1.844, P = 0.076), but also for non-
related CS (CS2+, tp; = -1.333, P=0.194) in the test phase (Fig. 2c), indicating a cue-
independent effect of active suppression.

Moreover, the differential SCR responses induced by CS1+4 and CS2+ in the test
phase (defined as the mean SCR differences between CS+ and CS-) were not
significantly different in Experiment 1 (f,; = -0.322, P = 0.75; Fig. 2c). However,
thought diversion in Experiment 2 yielded different results: reinstatement effects
were significantly different between CS (phase x CS+ interaction: F; s = 10.626,
P =0.003, #2 = 0.29). Indeed, diversionary thought targeting CS1+ only eliminated
the fear reinstatement for CS1+ (t,6 = -0.992, P = 0.33), leaving the fear SCR
response to CS2+ intact (t,s = -4.633, P <0.001) and there was a significant
difference between CS1+4 and CS2 (t,6 = -3.26, P = 0.003; Fig. 2¢), suggesting a cue-
specific effect for thought diversion (Fig. 2c). To rule out the possibility that
different CS- response baseline might play a role in the results we observed, we
conducted a mixed-model three-way analysis of covariance (ANCOVA) with the
within-subjects factors CS+ (CS1+ vs. CS2+, defined as the SCR differences
between CS+ and CS-), phase (last trial of extinction vs. first trial of test), between-
subjects factor experiment (suppression vs. diversion), and the covariate CS- (the
difference between the first test trial and the last extinction trial for CS-). There
were significant effects of experiment (F, 5, = 5.118, P = 0.028, 5% = 0.090) and
experiment x phase interaction (F, s, = 4.982, P = 0.030, 7> = 0.087), suggesting
active suppression and thought diversion still have different effects on fear
reinstatement after including the CS- response as a covariate. More specifically, a
two-way repeated measure ANCOVA with the factors of CS+ (CS1+ vs. CS2+,
defined as the SCR differences between CS+ and CS-), phase (last trial of extinction
vs. first trial of test), and the covariate CS- showed no significant effect of phase
(F126 = 1.184, P=0.287, 12 = 0.044), CS+ (F, 26 = 0.709, P = 0.408, 12 = 0.027), or
their interaction (F) ,6 = 0.023, P = 0.882, 172 =0.001) in Experiment 1. Similar
ANCOVA was also conducted on Experiment 2 and we found that reinstatement
effects were significantly different between CS1+4 and CS2+ (phase x CS+
interaction: F, 55 = 10.025, P = 0.004, 2 = 0.286). Therefore, our results remain
robust after controlling for the individual difference of the CS- level.

Finally, to examine whether the thought-control abilities affect the level of
fear recovery, we first split participants in both experiments into high and low
thought-control abilities according to their TCAQ scores (median split, high control:
mean = 80.64, SD = 6.57, n = 14 and low control: mean = 62.14, SD = 8.81, n =14 in
Experiment 1; high control: mean = 80.93, SD =8, n =14 and low control: mean =
60.2, SD =9.5, n =13 in Experiment 2). Besides, the TCAQ scores of participants
were not statistically different between two experiments (t53 = 0.132, P=0.895). We
then conducted a mixed-model three-way ANOVA with between-subject factors of
experiment (suppression vs. diversion), thought-control ability (high vs. low control
abilities), and within-subjects factor of CS+ (CS1+ vs. CS2+) on fear recovery index
(defined as the difference between the first test trial and the last extinction trial for
CS14 and CS2+, corrected for the corresponding CS- SCR baselines).

In line with our hypothesis, this analysis showed significant interaction effects
of experiment x CS+ (Fs5; = 4.552, P=0.038, #2 = 0.082) and experiment x
control ability (F;5; = 6.744, P=0.012, #> = 0.117). Specifically, we found a
significant effect of control ability (F, ,6 = 9.017, P = 0.006, #2 = 0.258), but no
effects of CS+ (Fj 6 = 0.1, P=0.754, 112 =0.004) or their interaction (F) ¢ =
0.006, P = 0.939, > =0.001) in Experiment 1. Post-hoc t-tests showed that the fear
recovery index of high-control participants was lower than that of low-control
participants (CS1+4: tye = 2.439, P = 0.02; CS2+: t, = 2.288, P = 0.02; Fig. 3a).
However, there was no effect of thought-control ability (F; 5 =0.736, P =0.399,
7% =0.029) or control ability x CS+ interaction (F,5 = 0.273, P = 0.606, > =
0.011), but only a significant effect of CS+ (F, 55 = 10.439, P =0.003, 7> = 0.295)
in Experiment 2. Post-hoc t-tests showed that there was no difference between low-
and high-control participants in the fear recovery index (CS1+: t,5 =-1.028, P =
0.328; CS2+: t,5 =-0.391, P=0.707; Fig. 3b), but only a significant difference
between CS+ (CS1+ vs. CS2+; t,s = -3.26, P = 0.003).

Importantly, there was no difference between high-control and low-control
participants of both experiments in the late phase of acquisition and last trial of
extinction (all P values > 0.10), excluding the possibility of thought-control ability
influencing fear acquisition or extinction directly. In summary, these results indicate
that thought-control ability is only related to the diminishment of fear response
induced by direct active suppression (but not thought diversion) during the test phase.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data of this study are available for download at https://osf.io/qvtér/. The source data
underlying Fig. 2a are provided as Supplementary Data 1, the source data underlying
Fig. 2b as Supplementary Data 2, the source data underlying Fig. 2c as Supplementary
Data 3, and the source data underlying Fig. 3 as Supplementary Data 4.

Code availability
Software used for data analysis in this study was IBM SPSS Statics 23. The SPSS syntax is
available for download at https://osf.io/qvt6r/.

Received: 11 September 2020; Accepted: 15 April 2021;
Published online: 21 May 2021

References

1. Phelps, E. A, Delgado, M. R,, Nearing, K. I. & LeDousx, J. E. Extinction
learning in humans: role of the amygdala and vmPFC. Neuron 43, 897-905
(2004).

2. Reeck, C., Ames, D. R. & Ochsner, K. N. The social regulation of emotion: an
integrative, cross-disciplinary model. Trends Cogn. Sci. 20, 47-63 (2016).

3. Lee, J. L. C, Nader, K. & Schiller, D. An update on memory reconsolidation
updating. Trends Cogn. Sci. 21, 531-545 (2017).

4. Nader, K,, Schafe, G. E. & LeDoux, J. E. Fear memories require protein
synthesis in the amygdala for reconsolidation after retrieval. Nature 406,
722-726 (2000).

5. Monfils, M., Cowansage, K. K., Klann, E. & LeDoux, J. E. Extinction-
reconsolidation boundaries: key to persistent attenuation of fear memories.
Science 324, 951-955 (2009).

6. Kindt, M., Soeter, M. & Vervliet, B. Beyond extinction: erasing human fear
responses and preventing the return of fear. Nat. Neurosci. 12, 256-258
(2009).

7. Schiller, D. et al. Preventing the return of fear in humans using
reconsolidation update mechanisms. Nature 463, 49-53 (2010).

8. Xue, Y. et al. A memory retrieval-extinction procedure to prevent drug craving
and relapse. Science 336, 241-245 (2012).

9. Kindt, M. & Soeter, M. Pharmacologically induced amnesia for learned fear is
time and sleep dependent. Nat. Commun. 9, 1316-10 (2018).

10. Liu, J. et al. An unconditioned stimulus retrieval extinction procedure to
prevent the return of fear memory. Biol. Psychiat. 76, 895-901 (2014).

11. Anderson, M. C. et al. Neural systems underlying the suppression of unwanted
memories. Science 303, 232-235 (2004).

12. Benoit, R. & Anderson, M. C. Opposing mechanisms support the voluntary
forgetting of unwanted memories. Neuron 76, 450-460 (2012).

13. Wang, Y., Cao, Z., Zhu, Z., Cai, H. & Wu, Y. Cue-independent forgetting by
intentional suppression evidence for inhibition as the mechanism of
intentional forgetting. Cognition 143, 31-35 (2015).

14. Kahana, M. J., Howard, M. W., & Polyn, S. M. Associative retrieval processes
in episodic memory in Cognitive Psychology of Memory (ed. Roediger, H. L.)
467-490 (Elsevier, Oxford, 2008).

15. Bergstrom, Z. M., de Fockert, J. W. & Richardson-Klavehn, A. ERP and
behavioural evidence for direct suppression of unwanted memories.
Neuroimage 48, 726-737 (2009).

16. Racsmény, M., Conway, M. A., Keresztes, A. & Krajcsi, A. Inhibition
and interference in the think/no-think task. Mem. Cognition 40, 168-176
(2012).

17. Kipper, C. S., Benoit, R. G., Dalgleish, T. & Anderson, M. C. Direct
suppression as a mechanism for controlling unpleasant memories in daily life.
J. Exp. Psychol. Gen. 143, 1443-1449 (2014).

18. Williams, A. D. et al. A psychometric evaluation of the Thought Control
Ability Questionnaire (TCAQ) and the prediction of cognitive control. J.
Psychopathol. Behav. Assess. 32, 397-405 (2010).

19. Sevenster, D., Beckers, T. & Kindt, M. Prediction error governs
pharmacologically induced amnesia for learned fear. Science 339, 830-833
(2013).

20. Anderson, M. C. & Green, C. Suppressing unwanted memories by executive
control. Nature 410, 366-369 (2001).

21. Homan, P. et al. Neural computations of threat in the aftermath of combat
trauma. Nat. Neurosci. 22, 470-476 (2019).

22. Stramaccia, D. F., Meyer, A. -K,, Rischer, K. M., Fawcett, J. M. & Benoit, R. G.
Memory suppression and its deficiency in psychological disorders: a focused
meta-analysis. J. Exp. Psychol. Gen. https://doi.org/10.1037/
xge0000971 (2020).

23. Catarino, A., Kiipper, C. S., Werner-Seidler, A., Dalgleish, T. & Anderson, M.
C. Failing to forget inhibitory-control deficits compromise memory
suppression in posttraumatic stress disorder. Psychol. Sci. 26, 604-616 (2015).

24. Mary, A. et al. Resilience after trauma: the role of memory suppression.
Science 367, eaay8477 (2020).

25. Benoit, R. G., Davies, D. J. & Anderson, M. C. Reducing future fears by
suppressing the brain mechanisms underlying episodic simulation. Proc. Natl
Acad. Sci. USA 113, E8492-E8501 (2016).

26. Schiller, D., Levy, L, Niv, Y., LeDoux, J. E. & Phelps, E. A. From fear to safety
and back: reversal of fear in the human brain. J. Neurosci. 28, 11517-11525
(2008).

27. Delgado, M. R,, Nearing, K. I., LeDoux, J. E. & Phelps, E. A. Neural circuitry
underlying the regulation of conditioned fear and its relation to extinction.
Neuron 59, 829-838 (2008).

COMMUNICATIONS BIOLOGY | (2021)4:609 | https://doi.org/10.1038/s42003-021-02120-2 | www.nature.com/commsbio 7


https://osf.io/qvt6r/
https://osf.io/qvt6r/
https://doi.org/10.1037/xge0000971
https://doi.org/10.1037/xge0000971
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02120-2

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Faul, F,, Erdfelder, E., Buchner, A. & Lang, A. G. Statistical power analyses
using G*Power 3.1: tests for correlation and regression analyses. Behav. Res.
Method. 41, 1149-1160 (2009).

Heo, M. & Leon, A. C. Sample sizes required to detect two-way and three-way
interactions involving slope differences in mixed-effects linear models. J.
Biopharm. Stat. 20, 787-802 (2010).

Thompson, A. & Lipp, O. V. Extinction during reconsolidation eliminates
recovery of fear conditioned to fear-irrelevant and fear-relevant stimuli.
Behav. Res. Ther. 92, 1-10 (2017).

Raio, C. M., Hartley, C. A,, Orederu, T. A,, Li, J. & Phelps, E. A. Stress
attenuates the flexible updating of aversive value. Proc. Natl Acad. Sci. USA
114, 11241-11246 (2017).

Schiller, D., Kanen, J. W., LeDoux, J. E., Monfils, M. & Phelps, E. A.
Extinction during reconsolidation of threat memory diminishes

prefrontal cortex involvement. Proc. Natl Acad. Sci. USA 110, 20040-20045
(2013).

Schiller, D., Raio, C. M. & Phelps, E. A. Extinction training during the
reconsolidation window prevents recovery of fear. J. Vis. Exp. 66, 3893
(2012).

Hu, J. et al. Reminder duration determines threat memory modification in
humans. Sci. Rep. 8, 8848-10 (2018).

Dunsmoor, J. E., Murty, V. P., Davachi, L. & Phelps, E. A. Emotional learning
selectively and retroactively strengthens memories for related events. Nature
520, 345-348 (2015).

Luo, Y. et al. A novel UCS memory retrieval-extinction procedure to inhibit
relapse to drug seeking. Nat. Commun. 6, 7675 (2015).

Dunsmoor, J. E,, Otto, A. R. & Phelps, E. A. Stress promotes generalization of
older but not recent threat memories. Proc. Natl Acad. Sci. USA 114,
9218-9223 (2017).

Dunsmoor, J. E. et al. Event segmentation protects emotional memories from
competing experiences encoded close in time. Nat. Hum. Behav. 2, 291-299
(2018).

Reddan, M. C., Wager, T. D. & Schiller, D. Attenuating neural threat
expression with imagination. Neuron 100, 994-1005.e4 (2018).

Dunsmoor, J. E. et al. Role of human ventromedial prefrontal cortex

in learning and recall of enhanced extinction. J. Neurosci. 39, 3264-3276
(2019).

Borgomaneri, S. et al. State-dependent TMS over prefrontal cortex disrupts
fear-memory reconsolidation and prevents the return of fear. Curr. Biol. 30,
3672-3679.e4 (2020).

Acknowledgements

This work was supported by the National Natural Science Foundation of China Grants
Nos. 31871140 and 32071090 (to J.L.) and National Institute of Health grant MH105535
(to D.S.).

Author contributions
YW, Z.Z, D.S,, and J.L. conceived and designed study; Y.W. and J.H. analyzed data; J.L.
supervised data collection; Y.W., Z.Z,, ] H.,, D.S,, and J.L. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-021-02120-2.

Correspondence and requests for materials should be addressed to J.L.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS BIOLOGY'| (2021)4:609 | https://doi.org/10.1038/s42003-021-02120-2 | www.nature.com/commsbio


https://doi.org/10.1038/s42003-021-02120-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio

	Active suppression prevents the return of threat memory in humans
	Results
	Discussion
	Methods
	Participants
	Stimulus and psychophysiological stimulation
	Experimental procedure
	Statistical and reproducibility

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




