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Impairing memory reconsolidation with propranolol
in healthy and clinical samples: a meta-analysis

Sereena Pigeon, MSc; Michelle Lonergan, PhD; Olivia Rotondo, BA;
Roger K. Pitman, MD; Alain Brunet, PhD

Background: Reconsolidation impairment using propranolol is a novel intervention for mental disorders with an emotional memory at
their core. In this systematic review and meta-analysis, we examined the evidence for this intervention in healthy and clinical adult sam-
ples. Methods: We searched 8 databases for randomized, double-blind studies that involved at least 1 propranolol group and 1 placebo
group. We conducted a meta-analysis of 14 studies (n = 478) in healthy adults and 12 studies in clinical samples (n = 446). Results:
Compared to placebo, reconsolidation impairment under propranolol resulted in reduced recall of aversive material and cue-elicited con-
ditioned emotional responses in healthy adults, as evidenced by an effect size (Hedges g) of —0.51 (p = 0.002, 2-tailed). Moreover, com-
pared to placebo, reconsolidation impairment under propranolol alleviated psychiatric symptoms and reduced cue-elicited reactivity in
clinical samples with posttraumatic stress disorder, addiction or phobia (g = -0.42, p = 0.010). Limitations: Methodological differences
between studies posed an obstacle for identifying sources of heterogeneity. Conclusion: Reconsolidation impairment is a robust, well-
replicated phenomenon in humans. Its clinical use is promising and deserves further controlled investigation.

Introduction

Increased activation of the stress response during emotional
experiences plays the adaptive role of enhancing memory
consolidation and facilitating subsequent recall.'® Preclin-
ical evidence suggests that the consolidation of both aver-
sive and appetitive memories is dependent on the activation
of the noradrenergic system in the basolateral amygdala.
Heightened activity in these mechanisms may lead to an
overly powerful emotional memory thought to underlie cer-
tain psychiatric disorders.3* For instance, it is thought that
exposure to highly stressful or traumatic experiences that
accentuate the stress response may underlie aversive mem-
ories in fear-based psychiatric disorders, such as posttrau-
matic stress disorder (PTSD), adjustment disorder and spe-
cific phobia, among others.>® As well, overly consolidated
appetitive memories of drug-use experiences arguably
maintain compulsive drug-seeking behaviours in people
with addiction.® More precisely, overly consolidated mem-
ories become too easily reactivated, perpetuating symptoms
of intrusion, avoidance and hypervigilance in trauma- and
stressor-related disorders and phobias,?” and craving and
relapse in substance dependence.® Considering the role of
emotional memories in such disorders, reducing the
strength of these memories would have obvious clinical
value and deserves to be attempted.

Memory reconsolidation theory suggests the presence of a
neuroplastic process whereby the reactivation of previously
consolidated memories induces a temporary state of lability,
during which time such memories may be altered before
restabilizing.” It is argued that this mechanism may be impli-
cated in updating or impairing long-term memories by inter-
fering with their restabilization back to long-term storage
(i.e., reconsolidation). As with initial consolidation, reconsoli-
dation is also dependent on de novo protein synthesis and
activation of the noradrenergic system.'®!! Evidence suggests
that propranolol — a synthetic noradrenergic B-receptor
blocker that crosses the blood-brain barrier and exerts central
inhibitory effects — can oppose the enhancement of memory
conferred by emotion when administered before or shortly
after new learning (consolidation) or the recall of established
memories (reconsolidation).”*™* Although the mechanisms of
reconsolidation require clarification, one possibility is that by
blocking noradrenergic activity in the amygdala, propranolol
disrupts the cyclic AMP/protein kinase A pathway, indi-
rectly interfering with the synthesis of new proteins required
for memory (re)consolidation.'>”

Therapeutic approaches based on reconsolidation interfer-
ence theory offer hope for a paradigm shift in the treatment of
mental disorders that have an emotional memory at their
core.’®2 A previous meta-analysis of studies of experimen-
tally acquired and previously learned emotional memories

Correspondence to: A. Brunet, Douglas Institute Research Centre, 6875 boul. LaSalle, Montréal, QC, H4H 1R3; alain.brunet@mcgill.ca

Submitted Apr. 12, 2021; Revised Nov. 16, 2021; Accepted Dec. 5, 2021

Cite as: J Psychiatry Neurosci 2022 March 31;47(2). doi: 10.1503/jpn.210057

© 2022 CMA Impact Inc. or its licensors

J Psychiatry Neurosci 2022;47(2) E109



Pigeon et al.

demonstrated that the reconsolidation blocker propranolol,
paired with memory reactivation, weakened such memories
compared to memory reactivation under placebo in healthy
adults.™

Based on such findings, reconsolidation impairment proced-
ures are being adapted increasingly into treatment protocols for
several psychiatric conditions. For instance, one protocol in-
volves reactivating a traumatic memory by writing a narrative
and reading it aloud after the administration of propranolol.
This protocol has shown efficacy in improving both trauma-
and stressor-related and substance-dependence symptoms.?
Similar protocols that elicit memory retrieval (reactivation)
using videos, words or in vivo exposure to substance cues or
fearful stimuli have also shown efficacy.”*?* However, some
studies have failed to find such effects.”*® One meta-analysis
examined the reconsolidation of naturalistic memories in clin-
ical and subclinical samples; although the authors reported
promising results, they concluded that heterogeneity among
studies limited the strength of the findings.

An up-to-date review and meta-analysis of randomized
controlled trials that have examined the impairment of emo-
tional memory reconsolidation using propranolol in healthy
and clinical samples may help to further explore this issue.
We hypothesized that, compared to placebo, memory reacti-
vation under the influence of or followed by the reconsolida-
tion blocker propranolol would reduce recall, recognition
memory and psychophysiological responding, and that it
would decrease symptom severity in clinical samples.

Methods
Study inclusion criteria

We included studies in the qualitative synthesis if they were
published (with no date constraint) and involved memory re-
activation under propranolol in human adults. We included
studies in the meta-analysis if they met the criteria above and
were double-blind, placebo-controlled trials.

Experimental paradigms

The protocols typically used in reconsolidation studies that
involve healthy volunteers consist of behavioural learning
(e.g., conditioned responses to emotional material), physio-
logic reactivity to autobiographical emotional memories
using script-driven imagery (i.e., symptom provocation) or
declarative memory tasks. Protocols typically involve
3 phases: (1) participants undergo initial learning of emotion-
ally valenced or neutral material (e.g., word lists, pictures or
conditioned stimuli); (2) at least 24 hours later, propranolol or
placebo is administered 60-90 minutes before or immediately
after memory reactivation achieved by the brief presentation
of a cue; and (3) after a washout period of 24 hours, partici-
pants” memory is tested via a recall or recognition task, or via
physiologic reactivity to the conditioned stimulus.

In single-treatment clinical studies, memory reactivation
is achieved by exposing participants to salient fear- or drug-
related cues before or after the administration of propranolol

(or placebo), and declarative memory or physiologic reactivity
is tested after a washout period of at least 24 hours. In other
clinical studies, the typical treatment protocol involves drug
administration 60-90 minutes before participants are asked to
write and read aloud a 1-page narrative of the traumatic
experience over multiple® treatment sessions, after which
symptom severity or physiologic reactivity is measured.?*

Outcome measures

For healthy samples, the outcome of interest for studies in-
volving declarative memory tasks was memory performance
for emotional material on the test day, as measured by free
recall or percent correct on a recognition task. The outcome of
interest for studies involving conditioned responses to emo-
tional material consisted of physiologic responses. For clin-
ical samples, the primary outcomes of interest were symptom
severity as measured by self-report or clinician-rated meas-
ures, physiologic responding to symptom provocation (i.e.,
heart rate, skin conductance or electromyogram), or both.

Search strategy and data extraction

We searched PsycINFO, Ovid Medline, PTSDpubs, Web of
Science, Google Scholar, PubMed, Cochrane Central and
clinicaltrials.org up to September 2021, to find relevant
studies using various combinations of the following key
words: propranolol, reconsolidation, reactivation, emotion®,
memory, fear, reward, trauma, anxiety, post—traumatic,
post-traumatic stress disorder, PTSD, acute stress disorder,
adjustment disorder, phobia, specific phobia, spider phobia,
addict*, substance abuse and substance dependence. We ex-
ported the results of this search to a reference-management
database and removed duplicates.

Three investigators (S.P., O.R. and a research assistant) in-
dependently screened the titles and abstracts, excluding irrel-
evant articles and assessing all relevant full-text articles. The
investigators met to compare results, and disagreements
were resolved by consensus. We also screened the reference
sections of included articles for other articles. We conducted
separate searches and analyses for the healthy and clinical
samples. Finally, we contacted researchers in the field to
determine whether they had unpublished data that could be
included in the meta-analysis.

Data from the included studies were extracted by 3 in-
dependent raters (S.P., O.R. and a research assistant) and
double-checked by a fourth party (M.L.). When studies re-
ported incomplete results, we contacted the authors. If the
authors could not provide the missing data, we excluded the
study. Then, 2 research assistants used the Jadad Scale® to
conduct a quality assessment of the included studies.

Statistical analyses

To examine between-group mean differences on the test day
(healthy volunteers) or post-treatment (clinical samples), we
used Hedges g, because it produces an adjusted effect-size es-
timate for small samples.?** Hedges g is interpreted similarly
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to Cohen d: g < 0.2 represents a small effect size, 0.2 to 0.5 rep-
resents a moderate effect size and 0.6 to 0.8 represents a large
effect size.»® For studies that reported several outcomes of
interest, we averaged Hedges g across outcomes to control for
outcome selection bias. Tests of the pooled Hedges g estimate
were 2-sided (o < 0.05), which provided a more conservative
test of the overall pooled effect. Owing to methodological
heterogeneity among studies, we used a random-effects
model to test the hypotheses.® In contrast to a fixed-effects
model (which assumes that each included study represents
only one “true” effect), a random-effects model assumes that
there is a distribution of “true” effects that varies between
studies as a function of study characteristics.* We also con-
ducted homogeneity analyses using Q and I statistics to iden-
tify outliers and sources of heterogeneity.*%

We assessed publication bias by visual inspection of funnel
plot symmetry; asymmetry indicated possible publication bias.
In addition, we used the trim and fill method® to examine the
impact of potential publication bias on the pooled effect size
estimate. Finally, we used the Egger test to evaluate the pres-
ence of bias reflected in the funnel plot (a 2-tailed p-value < 0.05
indicated significant bias).>**® We performed analyses using
Comprehensive Meta-Analysis software (version 3; Biostat Inc.).

Results

Figure 1 displays the PRISMA flow diagram for study selection.
Across 31 publications (36 studies) included in the qualitative
synthesis (see qualitative results), 17 studies involved healthy
samples,”*'and 19 involved clinical samples.”?*283052-5

Records identified through
database search strategy
n=1325

A 4
Records screened for
title/abstract after
duplicates removed
n =361

\ 4
Full-text articles assessed
for eligibility
n=41

v
Additional records identified
via hand search or other
means (e.g., grey literature)
n=28

v
Records included in the
qualitative synthesis
n = 31 publications

(n = 36 studies*; n =17
healthy, n = 19 clinical)

v
Studies included in
quantitative synthesis
n = 26 studies
(n = 14 healthy,

n =12 clinical)

Records excluded n = 320
* Irrelevant n =65
* Non-academic work n =93
* Animal study n =107
+ Consolidation study n =3
* No data on propranolol n =52

Full-text articles excluded n =14
* Case study n=1
* No placebo n=8
* No reconsolidation n =1
* Duplicate sample n =2
* No symptom measure n =2

Records excluded n =4
* No reconsolidation n =1
* Unpublished data n=3

Studies excluded from quantitative analysis
* No placebo n =5 clinical
+ Could not retrieve data n=5

* n = 3 healthy

* n =2 clinical

Figure 1: Study selection flow chart. “Thomas and colleagues*® and Deng and colleagues®' each had 2 studies in healthy samples. Roullet
and colleagues®® had 2 separate clinical samples. Brunet and colleagues® had 3 clinical studies.
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Table 1 (part 1 of 2): Characteristics of studies included in the qualitative review but excluded from the meta-analysis

Propranolol/placebo

Population or No. on test Qutcome
clinical No. day or post- Male/ Age, yr, measures of Primary results of
Study diagnosis enrolled treatment female, % mean + SD Study protocol interest interest
Brunet et al.®®  Chronic 28/0 28/0 32/68 379x95 Week 1: pre-treatment CAPS and Scores pre-
(2011; PTSD assessment PCL pre- treatment,
study 1) Week 2: 0.67 mg/kg treatment, post-treatment
(short-acting) followed post-treatment  and follow-up
by 1 mg/kg (long- and follow-up (mean + SD)
acting), script
preparation 90 min later PCL:
Weeks 3-7: propranolol 60.4 +11.4,
(short-and long-acting, 37.9 £ 14.9 and
same dose) 90 min 36.0 £ 15.1
before reactivation
Week 8: post-treatment CAPS:
assessment 71.8 + 18.6,
Follow-up: 6 mo after 45.8 +21.9 and
pre-treatment 427 +24.6
Brunet et al.**  Chronic 7/0 7/0 29/71 40.1 £11.8  Week 1: pre-treatment CAPS pre- Scores pre-
(2011; PTSD assessment treatment, treatment,
study 2) Week 2: 40 mg (short- post-treatment  post-treatment
acting) followed by and follow-up and follow-up
80 mg (long-acting) and (mean + SD)
oral script preparation
90 min later CAPS:
Weeks 3-7: propranolol 68.4 + 15.8,
(short-and long-acting, 35.6 + 31.2 and
same dose) 90 min 34.1 £33.2
before reactivation
Week 8: post-treatment
assessment
Follow-up: 6 mo after
pre-treatment
Brunet et al.*®  Chronic 7/0 7/0 29/71 479 +15.7  Week 1: pre-treatment PCL 6 mo Score 6 mo post-
(2011; PTSD assessment post-disaster, disaster, pre-
study 3) Week 2: 40 mg (short- pre-treatment,  treatment,
acting) followed by post-treatment  post-treatment
80 mg (long-acting) and  and follow-up and follow-up
script preparation (mean + SD)
90 min later
Weeks 3-7: 80 mg PCL: 60.9 £ 5.3,
(long-acting) 90 min 60.7 £ 4.1,
before reactivation 41.0 + 4.3 and
Week 8: post-treatment 38.4+3.6
assessment
Follow-up: 6 mo after
pre-treatment
Deng et al.?! Differential 15/16 15/16 % female Propranolol:  Day 1: learning SCR to Propranolol <
(2020; fear Propranolol:  23.71 +£0.19  Day 2: 40 mg 60 min unconditioned  placebo on SCR
experiment 1) conditioning 53.3 Placebo: before reactivation stimulus on to unconditioned
Placebo: 50  23.47 +0.46  Day 3: long-term day 3 at stimulus on day 3
memory test reinstatement  at reinstatement
Deng et al.®! Differential 18/17 18/17 % female Propranolol: ~ Day 1: learning SCR to Unconditioned
(2020; fear Propranolol:  23.67 + 0.48 2 wk later: 40 mg unconditioned  stimulus retrieval
experiment 2)  conditioning 42.9 Placebo: propranolol before stimulus + propranolol
Placebo: 23.24 +0.50 reactivation stimulus at blocked the return
52.9 24 h later: long-term visit 3 of fear (SCR) at
memory test reinstatement
Kroes et al.* Differential 23/24 22/24 41/59 21.72+22 Day 1: learning SCR, explicit Propranolol <
(2016) fear Day 2: 40 mg 60 min memory and placebo on SCR
conditioning before reactivation subjective and explicit
Day 3: long-term experience of memory, but not
memory task fear on day 3 subjective

experience of fear
atday 3
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Table 1 (part 2 of 2): Characteristics of studies included in the qualitative review but excluded from the meta-analysis

Propranolol/placebo

Population or No. on test Qutcome
clinical No. day or post- Male/ Age, yr, measures of Primary results of
Study diagnosis enrolled treatment female, % mean = SD Study protocol interest interest
Lin et al.%® Nicotine 27/25 27/25 100/0 Propranolol:  Day 1: baseline and Baseline Significant
(2021) dependence 27.8+6.69  cue-induced craving craving reduction in
Placebo: Day 2: 40 mg 60 min measured with  craving in
28.24 +7.94  before reactivation FNDT; cue- propranolol group
(smoking-related induced only; propranolol
pictures) craving < placebo on
Day 3: baseline and measured with  FNDT and cue-
cue-induced craving brain imaging induced reactivity
on day 3 on day 3
Mahabir et Chronic 9/0 7/0 29/71 33.1+£7.0 Week 1: pre-treatment CAPS and Score pre-
al.% (2015) PTSD assessments and script  |IES-R pre- treatment and
preparation treatmentand  post-treatment
Week 2: fMRI session post-treatment  (mean + SD)
Weeks 3-8: 1 mg/kg
75 min before CAPS:
reactivation with script 80.4 + 17.6 and
Week 9: fMRI session 41.0+27.2
Week 10: diagnostic
assessment IES-R:
62.8 + 12.9 and
24.4+23.4
Saladin et Cocaine 35/32 26/24 66/34 Propranolol:  Day 1: 40 mg CDMS, heart Propranolol <
al.?> (2013) dependence 39.1+£82 immediately after CCE rate and SCR placebo on CDMS
Placebo: sequence to CCEonday and heart rate but
40.8+9.8 Day 2: CCE session 2 and at not SCR
with no medication follow-up
Follow-up: 1 wk
Wood et al.5” Chronic 12/0 10/0 100/0 38.7+14.9 Day 2: 0.67 mg/kg Heart rate, Propranolol =
(2015) PTSD (n=8no (short-acting) 90 min SCR and placebo on heart
reactivation before reactivation and IES-R to script  rate, SCR and
+ 1 mg/kg (long-acting) on day 8 IES-R on day 8

propranolol)

immediately before
reactivation (script

preparation)

Day 8: script-driven
imagery

CAPS = Clinician-Administered PTSD Scale; CCE = cocaine cue exposure; CDMS = Craving/Distress/Mood States scale; fMRI = functional MRI; FNDT = Fagerstrom Nicotine
Dependence Test; IES-R = Impact of Event Scale—Revised; PCL = PTSD Checklist; PTSD = posttraumatic stress disorder; SCR = skin conductance response; SD = standard deviation.

We excluded 5 clinical studies from the meta-analysis be-
cause they did not include a placebo group.’*” We ex-
cluded 3 studies involving healthy samples**! and 2 involv-
ing clinical samples®* from the meta-analysis because they
did not report data in a usable format, and the raw data
could not be retrieved from the authors. Moreover, 1 study®
provided between-group effect sizes for the sample at
3 months post-treatment based on the PTSD status of partici-
pants at study entry (i.e., moderate PTSD symptoms and
severe PTSD symptoms). We included these as such in the
meta-analysis. Thus, across 24 publications, 26 studies were
included in the meta-analysis: 14 involving healthy sam-
ples¥ 50 and 12 involving clinical samples.”22426-28,52-545658

Qualitative results
Table 1 summarizes the characteristics of the studies included

in the qualitative synthesis, but not in the meta-analysis.
Table 2 and Table 3 summarize the characteristics of the

healthy adult and clinical studies, respectively, that were
included in the quantitative synthesis. Across all studies,
618 participants received propranolol and 527 participants
received placebo.

Studies involving healthy participants
In 11 of the 17 studies involving healthy participants, a differ-
ential fear-conditioning paradigm was used. Of these,
8 found that propranolol administered during memory re-
activation lowered physiologic responses to fear-conditioned
stimuli compared to placebo.*434464951 In one of these stud-
ies, the effect was observed only among participants who ex-
pected to receive the unconditioned stimulus during the re-
activation trial on day 2 (i.e., the shock), but did not (i.e.,
prediction error).” In another study, the between-group
effect of propranolol was also observed for when the uncon-
ditioned stimulus was the reactivation cue.”

The other 6 studies employed standard emotional material
(i.e., a video, a slide show or pictures) or asked participants

J Psychiatry Neurosci 2022;47(2)
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Table 2 (part 1 of 2): Characteristics of included reconsolidation interference studies — healthy samples

Propranolol/placebo

No. Male/ Age, yr, QOutcome
No. analyzed female, mean = SD measures of Primary results
Study Materials randomized  on test day % or SEM Study protocol interest of interest Quality
Bos et al.®® Differential 15/15 15/15 33/67 21+26 Day 1: learning SCR and fear-  Propranolol = 45
(2012) fear Day 2: 40 mg potentiated placebo on SCR
conditioning 80 min before startle to and fear-
reactivation conditioned potentiated
Day 3: long-term stimulus during  startle to
memory test extinction/ conditioned
reinstatement stimulus on
on day 3 day 3
Chalkia et al.*” Differential 15/15 15/15 27/73 Propranolol:  Day 1: learning Fear- Propranolol = 4.5
(2019) fear 22.3+4.33 Day 2: 40 mg potentiated placebo on fear-
conditioning Placebo: post-reactivation startle and potentiated
21.5+2.45 Day 3: long-term unconditioned startle and
memory test stimulus unconditioned
expectancy stimulus to
ratings to conditioned
conditioned stimulus on
stimulus during  day 3
extinction on
day 3
de Quervain et  Emotionally 14/14 14/14 50/50 239x29 Day 1: learning Free recall Propranolol = 3
al.* (2007) valenced Day 2: 40 mg no. of words placebo on free
word list 60 min before during second recall of words
long-term memory  long-term during second
test memory test long-term
2 wk later: second memory test
long-term memory
test
Kindt et al.*® Differential 20/20 20/20 28/72 20.70 £2.4  Day 1: learning Fear- Propranolol < 3
(2009) fear Day 2: 40 mg potentiated placebo on fear-
conditioning 90 min before startle to conditioned
reactivation conditioned startle on day 3
Day 3: long-term stimulus during
memory test extinction/
reinstatement
on day 3
Kroes et al.*! Emotionally 12/12 1112 58/42 24.4 Day 1: learning % free recall Propranolol < 3
(2010) valenced Day 2: 40 mg on day 3 placebo on
word list 90 min before % free recall on
reactivation day 3
Day 3: long-term
memory test
Schwabe et Emotionally 13/13 13/13 50/50 18-30 Day 1: learning % recognition Propranolol < 2
al.*? (2012) valenced Day 2: 40 mg of images on placebo on
images 90 min before day 3 % recognition of
reactivation images on day 3
Day 3: long-term
memory test
Sevenster et Differential 20/20 18/18 68/32 21.1+£26 Day 1: learning SCR, fear- Propranolol < 3
al.%° (2012) fear Day 2: 40 mg potentiated placebo on fear-
conditioning 90 min before startle and potentiated
reactivation unconditioned startle, but not
Day 3: long-term stimulus SCR or
memory test expectancy unconditioned
ratings to stimulus
conditioned expectancy
stimulus during  ratings to
extinction on conditioned
day 3 stimulus on
day 3
E114 J Psychiatry Neurosci 2022;47(2)
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Table 2 (part 2 of 2): Characteristics of included reconsolidation interference studies — healthy samples

Propranolol/placebo

No. Male/ Age, yr, Outcome
No. analyzed female, mean +SD measures of Primary results
Study Materials randomized  on test day % or SEM Study protocol interest of interest Quality
Soeter et al.* Differential 20/20 20/20 25/75 20.4+3.8 Day 1: learning Fear- Propranolol < 45
(2010) fear Day 2: 40 mg potentiated placebo on
conditioning 90 min before startle to fear-potentiated
reactivation conditioned startle to
Day 3: long-term stimulus during  conditioned
memory test extinction/ stimulus on
reinstatement day 3
on day 3
Soeter et al.* Differential 12/12 12/12 12/88 209 +35 Day 1: learning Fear- Propranolol < 45
(2012) fear Day 2: 40 mg potentiated placebo on
conditioning 90 min before startle to fear-potentiated
reactivation conditioned startle to
Day 3: long-term stimulus during  conditioned
memory test extinction/ stimulus on
reinstatement day 3
on day 3
Thomas et al.**  Emotional 14/14 14/12 59/41 32.6 £+11.7 Week 1: learning % recognition Propranolol = 4.5
(2017, story Week 2: 0.67 mg/  of content of placebo on
experiment 1) paradigm kg, immediately slides at % recognition
after reactivation week 3 content of slides
Week 3: long-term at week 3
memory test
Thomas et al.**  Emotional 18/16 17/16 31/69 254+7.8 Week 1: learning % recognition Propranolol < 4.5
(2017, story Week 2: 0.67 mg/  of content of placebo on
experiment 2) paradigm kg, 60-75 min slides at % recognition
before reactivation  week 3 content of slides
Week 3: long-term at week 3
memory test
Thome et al.*® Differential 20/20 20/19 0/100 Propranolol:  Day 1: learning Fear- Propranolol = 3.5
(2016) fear 255+3.71 Day2:40 mg potentiated placebo on fear-
conditioning Placebo: 5 min post- startle to potentiated
23.9 + 3.1 reactivation conditioned startle to
Day 3: long-term stimulus during  conditioned
memory test extinction on stimulus on
day 3 day 3
Tollenaar et Emotionally 26/27 26/27 100/0 Propranolol: ~ Week 1: learning % recognition Propranolol = 4.5
al.*” (2009) valenced 20.6 + 2.1 Week 2: 80 mg of words in placebo on
word list Placebo: 75 min before week 3 % recognition of
195+1.4 reactivation words at week 3
Week 3: long-term
memory test
Tollenaar et Script- 27/26 27/26 100/0 Propranolol: ~ Week 1: script Heart rate and Propranolol = 4
al.*® (2009) driven 20.7+2.2 preparation SCR at week 3  placebo on
imagery Placebo: Week 2: 80 mg % recognition of
195+1.4 90 min before words at week 3

reactivation
Week 3: heart rate
and SCR to script

SCR = skin conductance response; SD = standard deviation; SEM = standard error of the mean.

to write a personal narrative detailing a negative event as the
memory task. Of the 6 studies, 4 found that participants who
received propranolol remembered less emotional material
than those who received a placebo.#14245

Studies involving clinical samples

Of the 19 studies involving a clinical sample, 8 involved partici-
pants with chronic PTSD,?%525%7 2 involved participants with
chronic PTSD comorbid with symptoms of major depression,*®
7 involved participants with substance dependence*2** and
2 involved participants with specific phobias.”>

Ten clinical studies used a single reactivation ses-
sion”2>2852-545759 and 9 used several (4-6) sessions.??4305556:58
To reactivate the aversive or appetitive memories, 13 studies
used written or audiorecorded trauma or drug-use narra-
tives, 3427283052555 4 ysed other exposure-based or stress-
inducing tasks (e.g., public speaking)”**5* and 2 employed
cues from a previously learned list of drug-related words or
smoking-related pictures.?>

Of the 13 studies that used written or auditory trauma
or drug-use narratives, 8 found that propranolol-treated
participants showed improvements in trauma-related or

J Psychiatry Neurosci 2022;47(2)
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Table 3 (part 1 of 3): Characteristics of included reconsolidation interference studies — clinical samples

Propranolol/placebo

No.
analyzed Outcome Primary
Clinical No. on test Male/ Age, yr, measures of results of
Study diagnosis randomized day female, % mean + SD Study protocol interest interest Quality
Brunet et Chronic 9/10 9/10 47/53 Propranolol: ~ Week 1: script Heart rate SCR Propranolol 4
al.? (2008) PTSD 34.8 +10.1 preparation, 40 mg to personal < placebo on
Placebo: (short-acting) script at week 2 heart rate
35.1+10.5  immediately after and SCR to
reactivation and personal
60 mg (long-acting) script
after2 h
Week 2: script-driven
imagery
Brunet et Chronic 28/10 22/10* 32/68 379+95 Week 1: Heart rate and Propranolol N/A
al.’® (2014) PTSD 0.67 mg/kg (short- SCR to personal < placebo on
acting) followed by script at 1 wk heart rate
1 mg/kg (long-acting),  post-treatment and SCR to
script preparation personal
90 min later script at
Weeks 2-6: 1 wk post-
0.67 mg/kg (short- treatment
acting) and
1 mg/kg (long-acting)
90 min before
reactivation
Week 7: script-driven
imagery
4 mo follow-up: script-
driven imagery
Brunet et Chronic 30/30 21/23 42/58 Propranolol: ~ Week 1: 0.67 mg/kg PCL-S and Propranolol 5
al.»®(2018) PTSD 37.0+11.3 (short-acting) then CAPS at post- < placebo on
Placebo: 1.0 mg/kg (long- treatment PCL-S and
41.8+11.1 acting) 60 min before CAPS at
script preparation post-
Weeks 2-6: treatment
0.67 mg/kg (short-
acting) plus
1.0 mg/kg (long-
acting) 90 min before
reactivation
Week 7: Post-
treatment assessment
Elsey et Fear of 40/20 40/20 17/83 Propranolol: ~ Week 1: Baseline GPSP, SUDS Propranolol 4
al.** (2020)  public 21.65+2.78 measures, speech and PRPSA at = placebo on
speaking Placebo: preparation; week 2 GPSP,
22.10+1.92 40 mg of propranolol SUDS and
administered PRPSA at
< 5 min post-speech week 2
(reactivation)
Week 2: stress-
inducing speech task
(0 to 9 min) as
reactivation
1 mo follow-up:
symptom evaluation
3 mo follow-up:
symptom evaluation
Jobes et Cocaine 19/16 18/15 48/52 Propranolol: ~ Week 1: personalized  CCQ and VAS Propranolol 3.5
al.?” (2015) abuse in 41.6 cocaine script, tactile at 1 wk post- > placebo on
poly-drug Placebo: drug-related intervention CCQ and
dependence 421 paraphernalia VAS at 1 wk
Week 2: 40 mg post-
120 min before intervention
reactivation
Week 3:
re-exposure test
session
Week 7:
re-exposure test
session
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Table 3 (part 2 of 3): Characteristics of included reconsolidation interference studies — clinical samples

Propranolol/placebo

No.
analyzed Outcome Primary
Clinical No. on test Male/ Age, yr, measures of results of
Study diagnosis randomized day female, % mean + SD Study protocol interest interest Quality
Lonergan Substance 9/8 6/4 71/29 Propranolol: ~ Week 0: assessment Self-report Propranolol 45
etal.®* dependence 4478 and craving script craving < placebo on
(2016) 18.66 preparation questionnaires self-reported
Placebo: Week 1-3: post-treatment craving at
35.63 6 biweekly sessions post-
16.09 (separated by 48 h) of treatment
1 mg/kg of (in intention-
propranolol 60 min to-treat
before craving- analysis)
memory reactivation
Week 4: post-
treatment assessment
Pachas et  Nicotine 35/39 23/31 73/27 Propranolol: ~ Week 1: screening Heart rate, SCR  Propranolol 3.5
al.® (2015) dependence 41.6+10.9  and evaluation; and self- = placebo on
Placebo: 0.67 mg/kg (short- reported craving  heart rate,
425+9.8 acting), 1 mg/kg at week 2 SCR and
(long-acting) 90 min self-reported
later, followed by craving at
reactivation (personal week 2
script)
Week 2: script-driven
imagery
Roullet et PTSD 18/15 Not Unknownt Unknownt Week 1: 0.67 mg/kg PCL-S 3 mo Propranolol 5
al.®® (2021; reported (short-acting) then post-treatment < placebo on
severe 1.0 mg/kg (long- the PCL-S
symptom acting) 60 min before 3 mo post-
group, script preparation treatment
PCL-S Weeks 2-6:
score > 0.67 mg/kg (short-
65) acting) plus 1.0 mg/kg
(long-acting) 90 min
before reactivation
Week 7: post-
treatment assessment
Roullet et PTSD 1114 Not Unknownt Unknownt Week 1: 0.67 mg/kg PCL-S 3 mo Propranolol 5
al.%8 (2021; reported (short-acting) then post-treatment = placebo on
moderate 1.0 mg/kg (long- the PCL-S
symptom acting) 60 min before 3 mo post-
group script preparation treatment
(PCL-S Weeks 2-6:
score 0.67 mg/kg (short-
> 45 < 65) acting) plus 1.0 mg/kg
(long-acting) 90 min
before reactivation
Week 7: post-
treatment assessment
Soeter et Spider 15/15 15/15 9/91 21.6+3.2 Day 1: pre-treatment BAT to tarantula  Propranolol 4
al.” (2015)  phobia assessments and and SPQ at showed >
BAT with baby post-treatment approach
tarantula day 16 BAT to
Day 5: 40 mg post- tarantula
reactivation exposure than
to tarantula placebo, but
Day 16: post- =SPQ
treatment assessment scores at
Follow-up: 3 mo and day 16
1yr
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Table 3 (part 3 of 3): Characteristics of included reconsolidation interference studies — clinical samples

Propranolol/placebo

No.
analyzed Outcome Primary
Clinical No. on test Male/ Age, yr, measures of results of
Study diagnosis randomized day female, % mean + SD Study protocol interest interest Quality
Xue et Nicotine 96 23/24 100/0 Propranolol: ~ Day 1: screeningand  Subjective Propranolol 4.5
al.®®(2017) dependence randomized, 24.96 +5.9 baseline tests of ratings of < placebo on
27 excluded Placebo: preference and nicotine craving subjective
23.00+4.0 craving for pre- VAS on day 7 ratings of
Of 69 existing nicotine nicotine
included: conditioned stimulus craving VAS
24 placebo + Days 2—4: onday 7
reactivation, conditioning
23 Day 5: post-
propranolol conditioning test of
+ preference and
reactivation, craving for the
22 non- conditioned stimulus
placebo Day 6: 40 mg 60 min
control before unconditioned
stimulus memory
reactivation
Day 7: post-treatment
test
Zhao et Heroin 18/18 18/18 100/0 Propranolol:  Day 1: Learning drug-  Free recall Propranolol 3.5
al.®(2011)  dependence 38.11 +1.25 related words no. of drug- < placebo on
Placebo: Day 2: 40 mg 60 min related words free recall of
38.00 + 1.30  before reactivation on day 3 drug-related
Day 3: long-term words on
memory task day 3

BAT = Behavioural Approach Test; CAPS = Clinician-Administered PTSD Scale; CCQ = Cocaine Craving Questionnaire; GPSP = Global Perception of Speech Performance; PCL-S =
PTSD Checklist-Specific; PRPSA = Personal Report of Public Speaking Anxiety; PTSD = posttraumatic stress disorder; SCR = skin conductance response; SD = standard deviation;
SPQ = Spider Phobia Questionnaire; SUDS = Subjective Units of Distress; VAS = visual analogue scale.

*Data from 10 placebo participants from Brunet and colleagues® (2008) were included in the between-group analysis in Brunet and colleagues®® (2014). These data were included in the

meta-analysis; analyses were conducted with and without these data.

1Full sample demographics: propranolol n = 33 randomized, n = 29 treatment completers, n = 20 women, age (mean + SD) = 35.6 + 12.8 yr, n = 26 at 3 mo follow-up; placebo n = 33
randomized, n = 29 treatment completers, n = 21 women, age (mean + SD) = 42.2 + 12.7 yr, n = 25 at 3 mo follow-up. Analyses were carried out and presented on the intention-to-treat

sample.

substance-dependence symptoms.??+3052555% In 1 publica-
tion,*® no treatment effect was found for participants with
moderate PTSD symptoms at 3 months post-treatment;
however, a significant effect was observed for participants
with severe PTSD symptoms. Three other studies failed to
find an effect of reconsolidation impairment with propran-
olol compared to placebo.?”?% Finally, for 5 of the 6 clin-
ical studies that implemented other exposure-based meth-
ods and the studies that used a word list or pictures,
propranolol paired with reactivation improved clinical
symptoms compared to placebo paired with reactivation
at the post-treatment test phase.”??¢5% The remaining
study did not find an effect for propranolol.>

Quantitative results

Quality assessment of studies in the meta-analysis

Of the 26 total studies included in the meta-analysis, 18 had a
Jadad score of 3.5 or higher, indicating good methodological
quality. To maximize the sample size, we retained studies
with lower methodological quality in the meta-analysis and
examined study quality as a moderator variable. See Tables 1
and 2 for individual quality assessment ratings.

Studies involving healthy participants

As shown in Figure 2, propranolol-treated participants (n =
242) remembered less aversive material than placebo-
treated participants (n = 236; g = —0.51, 95% CI -0.84 to
-0.19; p = 0.002). However, statistical heterogeneity was
significant (Q,; = 40.06, p < 0.001; I = 67.55%). Sensitivity
analyses revealed no outliers. Effect sizes varied between
-1.82 and 0.22.

Studies involving clinical samples

As shown in Figure 3, 236 participants received propranolol
and 210 participants received placebo. The studies were
heterogeneous (Q,; =29.96, p = 0.002; I* = 63.28 %).

Memory reactivation under propranolol reduced symp-
tom severity and cue-induced physiologic reactivity com-
pared to memory reactivation under placebo, with a mod-
erate to strong effect size in 7 of 12 studies (g = —1.28 to
—0.51).723265253,5658 The overall effect size was moderate,
and the difference was significant in favour of proprano-
lol (¢ = -0.42, 95% CI -0.74 to —0.10; p = 0.010). Effect
sizes ranged between —1.28 and 0.60. According to sensi-
tivity analyses, no single study explained the heterogen-
eity we observed.
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Statistics for each study E
avours  Favours
95% CI Sample size Relative propranolol  placebo
Study name g SE LL UL  Propranolol Placebo  weight — —>
Bos et al.®*(2012) 0.02 0.36 -0.67 0.72 15 15 7.15 ——
Chalkia et al.*” (2019) 0.22 0.36 -0.48  0.92 15 15 7.15 —H—
de Quervain et al.*® (2007) —-0.46 0.37 -1.19  0.27 14 14 6.94 et
Kindt et al.* (2009) -1.08 0.34 -1.74 -042 20 20 7.44 ——
Kroes et al.*' (2010) -1.09 0.43 -1.94 -0.24 11 12 6.16 ——
Schwabe et al.*2 (2012) -1.04 0.41 -1.83 -0.24 13 13 6.50 U T N—
Sevenster et al.*° (2012) —-0.45 0.33 -1.10 0.21 18 18 7.46 —a—1
Soeter et al.*® (2010) -1.36 0.35 -2.03 -0.68 20 20 7.30 P —
Soeter et al.* (2012) -1.82 0.48 -2.76  -0.89 12 12 5.65 k—a—1
Thomas et al.* (2017, exp. 1)  0.17 0.38 -0.57 0.92 14 12 6.81 N T E—
Thomas et al.* (2017, exp. 2) —0.71 0.35 -1.40 -0.03 17 16 7.22 4]
Thome et al.* (2016) -0.38 0.32 -1.00 0.24 20 19 7.69 ———
Tollenaar et al.*” (2009) 0.08 0.27 -0.45 0.62 26 27 8.32
Tollenaar et al.*® (2009) 0.15 0.28 -0.40 0.70 27 24 8.21
Overall Hedges's g -0.51 0.16 -0.84 -0.19 242 236 .
Heterogeneity: 12 = 0.25, Q,, = 40.06, p < 0.001, I = 67.55 -2.50 -1.25 0.00 1.25 2.50
Test of overall effect: z = -3.12, p = 0.002 Hedges g and 95% Cl

Figure 2: Reconsolidation interference in healthy samples.

Cl = confidence interval,

LL = lower limit; UL = upper limit; SE = standard error.

Statistics for each study
Favours Favours

95% Cl Sample size Relative propranolol  placebo
Study name g SE LL UL Propranolol Placebo weight b RERE SR
Brunet et al.%? (2008) -0.76 0.46 -1.66 0.14 9 10 6.53 r-
Brunet et al.*® (2014) -1.28 0.41 -2.08 -0.49 22 10 7.38
Brunet et al.?® (2018) -0.51 0.26 -1.02 -0.00 30 30 10.09 —i—
Elsey et al.>* (2020) -0.09 0.27 -0.62 0.44 40 20 9.87 ——
Jobes et al.?” (2015) 0.60 0.35 -0.08 1.29 18 15 8.36 T
Lonergan et al.?* (2016) —0.46 0.47 -1.38 0.45 9 8 6.41 L
Pachas et al.?® (2015) 0.10 0.27 -0.43 0.64 23 31 9.84 e e
Roullet et al.?® (2021, moderate) 0.39 0.39 —-0.38 1.16 11 14 7.59 -1
Roullet et al.%® (2021, severe) —-0.51 0.35 -1.19 0.17 18 15 8.41 ey o
Soeter et al.” (2015) -1.13 0.38 -1.88 -0.38 15 15 7.75 -
Xue et al.%® (2017) -0.63 0.29 -1.21 -0.05 23 24 9.42 ——
Zhao et al.?® (2011) -1.03 0.35 -1.72 -0.35 18 18 8.36 —t—
Overall Hedges’s g —-0.42 0.16 -0.74 -0.10 236 210 -
Heterogeneity: 1 = 0.20, Q,, = 29.96, p = 0.002, /* = 63.28 —28% 125 000 125 2:50
Test of overall effect: z = —-2.58, p = 0.010 Hedges g and 95% CI

Figure 3: Reconsolidation interference in clinical samples. Cl = confidence interval; LL = lower limit; UL = upper limit; SE = standard error.

Publication bias
Analysis of publication bias in the healthy samples revealed a
relatively symmetrical funnel plot, and results from the trim and
fill analysis under a random-effects model indicated that no
studies to the right of the mean (i.e., null or negative findings)
were missing from the funnel plot. However, the result of the
Egger test was statistically significant (p = 0.023), suggesting a
risk of publication bias (i.e., small studies reporting large effects).
Concerning the clinical samples, analyses revealed a rela-
tively symmetric funnel plot, and results from the trim and

fill analysis under a random-effects model indicated that no
studies to the right of the mean were missing from the funnel
plot. The result of the Egger test was not statistically signifi-
cant (p = 0.31), suggesting little risk of publication bias.

Exploring sources of heterogeneity

We conducted post hoc analyses to explore whether moder-
ating variables explained the heterogeneity we observed.
Specifically, we examined the following variables separately
in both healthy and clinical samples: outcome measured
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(i.e., declarative memory v. physiologic reactivity in healthy
samples; symptom severity v. physiologic reactivity in clin-
ical samples); medication dosage (40 mg v. other dosages);
medication timing (pre-reactivation v. post-reactivation); sex
(male v. female); and study quality (good v. poor). We used
the delay before the memory test or symptom measurement
(1 d v.1wk) as a moderator for analysis of only the healthy
samples because a limited number of clinical studies meas-
ured outcomes after 1 day. None of these variables explained
the observed heterogeneity.

Finally, for clinical samples only, we examined whether
memory valence (aversive v. appetitive) moderated the
strength of the effect size. The overall effect size was larger
for studies that involved aversive memories (e.g., trauma or
phobia; ¢ = -0.53, p = 0.016) than for those involving appeti-
tive memories (e.g., drug-related; ¢ = -0.27, p = 0.29), al-
though the between-group difference was not statistically
significant (Q, = 0.587, p = 0.44).

Discussion

Emotional memories can be successfully weakened by ad-
ministration of the reconsolidation blocker propranolol
paired with memory reactivation. Cue-induced physiologic
reactivity and declarative memory for emotional material
was reduced in healthy individuals who reactivated a mem-
ory under propranolol compared to those who did it under
placebo. This finding was consistent with the findings of the
meta-analysis by Lonergan and colleagues' and was congru-
ent with reconsolidation interference theory.

In clinical samples, reactivating a pathogenic memory
under propranolol reduced symptom severity and related
physiologic reactivity in participants with PTSD, specific pho-
bia or substance dependence, using a personal trauma or
drug-use narrative or other exposure-based methods. Arguably
(and similar to studies involving healthy samples in fear-
conditioning or cue-induced reactivity paradigms), a reduc-
tion in physiologic responding to traumatic, phobic or drug-
using memory can be considered an indicator of a change in
the memory (e.g., reduced salience), such that the memory is
less capable of symptom provocation.®” This finding was also
congruent with reconsolidation interference theory and sup-
ported the clinical efficacy of this intervention. Importantly,
the strength of the effect size in clinical samples was in line
with the efficacy of established psychotherapies for the same
disorders, such as cognitive behavioural therapy for PTSD.*!#2
In addition, of the 7 clinical studies that were excluded from
meta-analysis, 5°%% found a treatment effect in favour of
propranolol, suggesting that incorporating these studies into a
meta-analysis may have increased the overall effect.

One study of participants with PTSD and comorbid depres-
sion® did not find an effect of propranolol that surpassed their
placebo group at 1 week post-treatment; however, a treatment
effect was observed among participants with severe PTSD and
at 3 months post-treatment. It is possible that for severe cases
of PTSD, reconsolidation impairment with propranolol may be
efficacious in the longer term, considering that, unlike other
exposure-based therapies, reconsolidation is unlikely to be

prone to relapse. However, there was no mention in this study
of a protocolized treatment manual or treatment adherence
monitoring and rating. Thus, the influence of such factors on
the observed effect could not be assessed.

Contrary to our previous meta-analysis,' the current re-
sults for reconsolidation impairment in healthy samples
showed no moderation effect for medication dosage (40 mg
v. 80 mg), delay between drug administration and recall (24 h
v. 1 wk) or participant sex. Considering that the moderation
observed in the earlier meta-analysis was driven by 2 studies, it
seems that increasing the number of included studies watered
down the observed effects. Moreover, the results of the meta-
analysis of studies in clinical samples did not reveal significant
moderation by any sample characteristic (e.g., sex, type of
psychological disorder) or methodological difference (e.g., type
of outcome measured, medication dosage, medication timing,
delay before memory test or symptom measurement).

Although methodological differences did not moderate the
findings in either analysis, a great deal of variation existed
across the examined studies that was related mainly to the
memory-reactivation procedures (i.e., stimuli used, drug
dosage or timing, number of sessions). This variability com-
plicated our ability to contrast studies and identify the ideal
protocol for conducting reconsolidation impairment. Al-
though the included studies were deemed sufficiently homo-
geneous to provide a meaningful synthesis under a random-
effects model > one issue may have been related to the type
of disorder under study. In this analysis, fear-based (i.e.,
trauma or phobia) studies demonstrated a larger overall ef-
fect than drug-related studies. Although this may have been
related to nuances in the neurobiological substrates involved
in drug-related learning,®* it may also have been because of
methodological factors within studies (i.e., the duration of the
reactivation session; see also Walsh and colleagues®). Thus,
establishment of a standardized treatment protocol that can
be implemented in research settings is desirable to identify
variables related to treatment efficacy.

One last factor that may have contributed to the observed
heterogeneity was the notion of mismatch or prediction er-
ror.* For memories to enter a state of lability, new or unex-
pected information must be provided.®*® Without this mis-
match, the memory would not destabilize, and retrieval
would not set the stage for reconsolidation, thus preventing
propranolol from playing its role of reconsolidation impair-
ment. Therefore, it may be necessary for mismatch to be
integrated into the memory-reactivation procedures to im-
prove the validity and efficacy of reconsolidation impairment
as a psychiatric treatment.® Of the studies included in this
analysis, only one intentionally incorporated prediction error
into a study involving healthy volunteers.®® The absence of
mismatch in some reconsolidation studies, particularly in clin-
ical samples, may explain some of the negative findings.®-

Limitations
As discussed, the relatively small number of included stud-

ies, and the methodological differences between them, pre-
cluded an in-depth assessment of potential moderators of
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between-group effects of reconsolidation impairment using
propranolol. In line with this, reporting biases within and
between included studies may have not only contributed to
the observed heterogeneity, but also introduced bias in the
effect-size estimates. We specifically chose Hedges g for this
analysis because it corrects for overestimation of between-
group effects associated with small samples, and because we
wanted to maintain consistency with previously published
meta-analyses.'** However, Hedges g performs best under
parametric assumptions in the source studies. Future meta-
analyses may opt to explore nonparametric measures of
effect size (e.g., probability of superiority) to further expand
on our findings.”

Conclusion

Findings from this meta-analysis suggest that compared to
placebo, propranolol paired with memory reactivation can
weaken emotional memories in healthy participants and clin-
ical samples. The findings of this meta-analysis highlight the
need to identify the essential procedural components re-
quired to successfully induce and impair memory reconsoli-
dation in clinical samples to maximize treatment efficacy.
Clarifying the ideal method for impairing reconsolidation
would extend our understanding of the mechanisms through
which memory reconsolidation occurs and help shed light on
how to consistently ensure better treatment outcomes.
Furthermore, future studies should test how to systemat-
ically incorporate mismatch into reconsolidation impairment,
and whether this improves outcome.

The current findings bridge an important gap between pre-
clinical experimental findings and the clinical implementa-
tion of reconsolidation impairment. Reconsolidation impair-
ment using propranolol is an innovative intervention with
far-reaching clinical implications in the field of psychiatry,
considering that a number of mental disorders stem from
pathological memories.
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