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Lack of drug-induced post-retrieval
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Abstract

Background: Long-term memory formation is generally assumed to involve the permanent storage of recently
acquired memories, making them relatively insensitive to disruption, a process referred to as memory consolidation.
However, when retrieved under specific circumstances, consolidated fear memories are thought to return to a labile
state, thereby opening a window for modification (e.g., attenuation) of the memory. Several interventions during a
critical time frame after this destabilization seem to be able to alter the retrieved memory, for example by
pharmacologically interfering with the restabilization process, either by direct protein synthesis inhibition or
indirectly, using drugs that can be safely administered in patients (e.g., propranolol). Here, we find that, contrary to
expectations, systemic pharmacological manipulations in auditory fear-conditioned rats do not lead to drug-
induced post-retrieval amnesia.

Results: In a series of well-powered auditory fear conditioning experiments (four with propranolol, 10 mg/kg, two
with rapamycin, 20–40 mg/kg, one with anisomycin, 150 mg/kg and cycloheximide, 1.5 mg/kg), we found no
evidence for reduced cued fear memory expression during a drug-free test in adult male Sprague-Dawley rats that
had previously received a systemic drug injection upon retrieval of the tone fear memory. All experiments used
standard fear conditioning and reactivation procedures with freezing as the behavioral read-out (conceptual or
exact replications of published reports) and common pharmacological agents. Additional tests confirmed that the
applied drug doses and administration routes were effective in inducing their conventional effects on expression of
fear (propranolol, acutely), body weight (rapamycin, anisomycin, cycloheximide), and consolidation of extinction
memories (cycloheximide).

Conclusions: In contrast with previously published studies, we did not find evidence for drug-induced post-
retrieval amnesia, underlining that this effect, as well as its clinical applicability, may be considerably more
constrained and less readily reproduced than what the current literature would suggest.
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Background
Consolidated memories have long been seen as immut-
able, but accumulating evidence suggests that they are
not set in stone and that they can still be modified or
even erased after the completion of synaptic consolida-
tion [1, 2]. This paradigm shift was first proposed in the
late 1960s [3] and received important support 20 years
ago [4, 5]. These studies suggested that interventions
such as an electroconvulsive shock or drug administra-
tion into the basolateral amygdala shortly after reactiva-
tion of the memory allowed for interference with this
memory in such a way that there was a significant at-
tenuation of memory expression (i.e., amnesia) on subse-
quent testing. It is not within the scope of this paper to
give a comprehensive overview of all these findings (for
a review, see e.g., [6]), but it is safe to say that many of
these studies have put forward that this technique could
be a game changer in the treatment of several types of
psychopathology in which maladaptive memories are a
core feature, e.g., post-traumatic stress disorder (PTSD),
other anxiety-related disorders, and even substance use
disorders [5, 6]. Many studies have examined the neural
substrate of the observed post-retrieval amnesia through
local manipulations in specific brain areas (e.g., [4, 7],
while others have relied on the use of systemic pharma-
cological manipulations following memory reactivation
(e.g., [8–11]. Whereas local administration obviously
provides higher spatial accuracy, disadvantages may in-
clude unwanted effects of protein synthesis inhibitors,
such as cell death at the site of injection, and the need
for specific assumptions regarding the key region of
interest [12]. An obvious advantage of systemic pharma-
cological manipulations, on the other hand, is the higher
translatability of findings to clinical applications. A
prime example is the use of propranolol for post-
retrieval attenuation of fear memories, first shown in
fear-conditioned rodents [8], and later also in fear-
conditioned humans [13] (but see [14]) and spider pho-
bics [15]. Propranolol is a centrally acting beta-
adrenergic antagonist and has repeatedly been shown to
be effective for the induction of amnesia upon reactiva-
tion of the targeted memory. Although safe and appar-
ently successful, propranolol seems to be the odd one
out in light of the widely supported (but sometimes con-
tested [16]) mechanism underlying the observed am-
nesia, i.e., reconsolidation interference. The
reconsolidation hypothesis states that a consolidated
memory can re-enter a labile phase through reactivation,
which then requires protein synthesis (during reconsoli-
dation) in order to preserve the original memory [4].
Given the proposed prerequisite of protein synthesis, the
most obvious way to interfere with such reconsolidation
is through administration of protein synthesis inhibitors,
which have been used often and with success, although

their profile is much more toxic than that of propranolol
(which is assumed to have indirect effects on protein
synthesis [5]). Commonly used protein synthesis inhibi-
tors in this field of research include anisomycin, cyclo-
heximide, and rapamycin. Systemic anisomycin, for
instance, has been successfully used for induction of
post-retrieval amnesia in several behavioral procedures
(e.g., context conditioning, conditioned place preference)
in numerous rodent studies ([17–22] are only a few
examples).
A few years ago, we set out to optimize a protocol to

investigate post-retrieval amnesia in rat fear conditioning
in our laboratory. Auditory fear conditioning is a ger-
mane tool to study mechanisms central to anxiety-
related disorders, such as PTSD and phobias, and was
therefore the focus of our effort. The literature seems to
suggest that drug-induced post-retrieval amnesia is rela-
tively easy to obtain, considering the many successful
studies with rats and mice, using a plethora of different
pharmacological agents [6, 23]. Furthermore, to our
knowledge, there are no published failures to find such a
drug-induced amnestic effect with rodent auditory fear
conditioning. Several studies do indicate that the effect
is not, or less easily, found with old or strong memories
(e.g., [24] (auditory fear), [25] (inhibitory avoidance), [22,
26] (contextual fear)), but all these papers do find evi-
dence for amnesia under “standard conditions,” i.e., re-
cent fear memories that are reactivated through a typical
protocol (e.g., one unreinforced presentation of the con-
ditioned stimulus), after which administration of the
drug results in a considerable deficit in memory expres-
sion, usually tested 1 day later [27].
Of note, published studies using systemic or intra-

amygdala injection of propranolol, anisomycin, or cyclo-
heximide typically report (very) large effects (e.g., [4, 8–
10, 28, 29]. Considering these effect sizes, the studies
presented here are well-powered to detect differences
between drug-treated and control groups. Published ef-
fect sizes with rapamycin are considerably smaller (e.g.,
[11, 30, 31], but this protein synthesis inhibitor has the
benefit of typically being administered systemically (see
also, e.g., [18, 32, 33]). Moreover, rapamycin and analogs
are approved for use in transplant and cancer patients,
making it a worthwhile candidate to explore in view of
future clinical applications [34].
To summarize, we conducted a series of sufficiently

powered auditory fear conditioning experiments in adult
male rats (see the “Power calculations” section for de-
tails), in which we aimed to induce amnesia by systemic-
ally administering one of four drugs (propranolol,
rapamycin, anisomycin, or cycloheximide) after retrieval
of the tone fear memory. Experimental parameters (e.g.,
shock intensity, testing conditions) were varied slightly
in between experiments in order to optimize our
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chances of finding the effect and included an exact repli-
cation of Debiec and LeDoux [8]. In addition, we carried
out control experiments and analyses to confirm that
the drugs were biologically active at the applied dose
and administration route. More specifically, as a positive
control, we investigated the effect of cycloheximide on
the consolidation of fear memories, by administering the
drug immediately after training, rather than after reacti-
vation, in line with published studies which again report
large effect sizes [35–37]. In a subset of animals, we also
evaluated the effect of cycloheximide on the consolida-
tion of an extinction memory.

Results
No evidence for drug-induced post-retrieval amnesia
(“reconsolidation interference”)
In experiments 1–4, we aimed to induce post-
retrieval amnesia using systemic propranolol (Fig. 1),
in experiments 5–6 with rapamycin (Fig. 2), and in
experiment 7 with anisomycin or cycloheximide
(Fig. 3). Relevant statistical analyses are reported in
Table 1. In all experiments, drug-treated and control
animals showed no significant differences in freezing
during the reactivation CS, suggesting similar retrieval
of the cued fear memory in each group. Freezing be-
fore the CS during both reactivation and test 1 ses-
sions was very low in all experiments, indicative of
tone fear memory retrieval that was unconfounded by
contextual fear. Cued fear memory retention on test 1
was evaluated through freezing during the first 3 or 4
CSs. Against our expectations, there was no evidence
for amnesia in the drug-treated animals in any of the
experiments. Given the lack of any effects of propran-
olol, rapamycin, anisomycin, or cycloheximide, add-
itional Bayesian analyses were carried out that
collectively suggested substantial evidence for the ab-
sence of an amnestic effect in this series of
experiments.
Further extinction, spontaneous recovery, renewal

and/or reinstatement of memory expression was evalu-
ated, as illustrated in Figs. 1, 2, and 3. No group differ-
ences were found, as to be expected given the lack of
amnestic effects on test 1.

Evidence for drug-induced effects on freezing, body
weight, and memory consolidation
To further characterize the effects of the drugs at the ap-
plied dose and administration route in adult male
Sprague-Dawley rats, several additional analyses and ex-
periments were carried out. These do suggest that the
drugs have detectable effects on freezing behavior, on
body weight gain, and on consolidation of fear and ex-
tinction memories, as detailed below. All relevant statis-
tical analyses are reported in Table 2.

Acute drug effects on freezing behavior
In experiment 4, propranolol was administered prior to
memory reactivation, allowing us to evaluate its effects
on freezing during the CS (Fig. 1i). Freezing in the Prop
group was lower than in the control condition, but the
effect was too small to be statistically significant with a
sample size of 8 per group. In a recent study, we evalu-
ated the effect of propranolol injection 20 min before a
session with 12 CS presentations in 29 Prop and 26 Sal
rats and did find significantly lower freezing in the Prop
group (Luyten et al., in preparation). In addition, we
found effects of anisomycin and cycloheximide during
the short-term memory test 4 h after injection. The ana-
lyses are shown in Table 2 and expounded in Add-
itional file 1 [9, 11, 30, 31, 38–40].

Long-term effects of rapamycin, anisomycin, and
cycloheximide on body weight
Interference with protein synthesis on a systemic level
has certain toxic effects (see also Additional file 1), and
although not lethal at the applied dose, effects on body
weight were anticipated. Indeed, when comparing the in-
crease in body weight from the last measurement before
until the last measurement after injection, animals that
had received rapamycin (Fig. 2e), anisomycin, or cyclo-
heximide (Fig. 3c) gained significantly less weight than
control animals.

Effects of cycloheximide on consolidation of fear and
extinction memories
In experiment 8, we assessed the effects of cyclohexi-
mide on consolidation rather than reconsolidation.
We hypothesized that injection of cycloheximide after
fear acquisition would interfere with memory consoli-
dation, resulting in decreased freezing during the first
3 CSs on test 1 (Fig. 3e). To our surprise, we found
the opposite effect, with more freezing in the cyclo-
heximide rats. It is unlikely that this was a non-
specific effect of cycloheximide on freezing, given that
no such increases were observed during the period
preceding the first test 1 CS in experiment 8, nor on
test 1 in experiment 7 (which took place 24 h after
injection). A subset of rats was further tested in ex-
periment 8 to assess the effects of cycloheximide on
extinction memory consolidation (Fig. 3g). During ex-
tinction (full test 1 session), both subgroups were
equivalent and extinguished to the same degree, after
which they received an injection with cycloheximide
or vehicle. Our hypothesis that cycloheximide would
interfere with consolidation of the extinction memory
and thus result in more freezing on test 2 was con-
firmed and particularly evident on the first trial of
this session, where vehicle animals showed good
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)
Fig. 1 Propranolol (10 mg/kg) experiments. a, b Experiment 1, n = 8 per group. c, d Experiment 2, n = 8 per group. e, f Experiment 3, n = 6 saline
rats and n = 8 propranolol rats. g, h Experiment 4, n = 7 saline rats and n = 5 propranolol rats. Percentage freezing during each tone (mean and
SEM) is shown. “Pre” is contextual freezing before the first tone presentation of the session. i Acute effects of propranolol in experiment 4, in
which the drug was administered immediately before rather than after reactivation, n = 8 per group. Individual data and group means are shown.
Light gray box indicates that a session takes place in context A, dark gray is context B. CS, conditioned stimulus; US, unconditioned stimulus;
d, day(s)

Fig. 2 Rapamycin (20–40mg/kg) experiments. a, b Experiment 5 (20 mg/kg), n = 8 per group. c, d Experiment 6 (40 mg/kg), n = 8 per group.
Percentage freezing during each tone (mean and SEM) is shown, except for tests 1 and 2 of experiment 5, where freezing during CS5-7-9-11 was
not measured. “Pre” is contextual freezing before the first tone presentation of the session. e Effects on body weight (mean and SEM) in both
experiments, n = 16 vehicle (100% DMSO) rats, n = 8 rapamycin (20 mg/kg) rats, and n = 8 rapamycin (40 mg/kg) rats. Light gray box indicates that
a session takes place in context A, dark gray is context B. CS, conditioned stimulus; US, unconditioned stimulus; DMSO, dimethyl sulfoxide; d,
day(s), *significant group differences (p < .0001)
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retention of the extinction memory, whereas cyclo-
heximide animals did not.

Discussion
The aim of this series of experiments was to establish a
protocol that could be used to probe the mechanisms of
post-retrieval amnesia. We thus attempted to conceptu-
ally and exactly replicate prior published studies in
which administration of propranolol, rapamycin, aniso-
mycin, or cycloheximide upon auditory fear memory re-
trieval resulted in a significant attenuation of the fear
response during subsequent tests (i.e., drug-induced
post-retrieval amnesia). We adhered to universal behav-
ioral procedures and pharmacological agents, including a
direct replication attempt of [8], using sample sizes that
were expected to yield sufficient power, in light of the
current literature (e.g., [4, 8, 33, 41]), which contains an
abundance of studies that found post-retrieval amnesia,
often with large effect sizes, and hardly any failures to

replicate under standard training and reactivation condi-
tions (one exception is Pitman et al. whose graph sug-
gested no amnestic effect of propranolol but did not
report any formal statistical analyses supporting this fail-
ure [42]). Therefore, we anticipated to readily reproduce
the effect in our laboratory. Against our expectations, we
did not find any evidence for an amnestic effect, and
Bayesian analyses even indicated substantial evidence for
the absence of an effect (Table 1). Inasmuch as we ad-
ministered all drugs systemically and confined this en-
deavor to auditory fear memories, our conclusions
cannot surpass these procedural choices. Nevertheless,
in a recent study, we also described repeated failures to
find post-retrieval amnesia in contextual fear condition-
ing studies with Wistar and Sprague-Dawley rats, using
either propranolol or midazolam injections [43], suggest-
ing that these reproducibility problems may extend to
other fear conditioning procedures and pharmacological
agents as well.

Fig. 3 Anisomycin (150mg/kg) and cycloheximide (1.5 mg/kg) experiments. a, b Experiment 7, n = 12 vehicle (saline-based) rats, n = 10
anisomycin rats, and n = 14 cycloheximide rats. c Effects on body weight (mean and SEM) in experiment 7. d, e Experiment 8, n = 12 per group. f,
g Subset of experiment 8, including animals that received vehicle after training, and subsequently received vehicle (n = 6) or cycloheximide (n =
6) after extinction training. Percentage freezing during each tone (mean and SEM) is shown. “Pre” is contextual freezing before the first tone
presentation of the session. Light gray box indicates that a session takes place in context A, dark gray is context B. STM, short-term memory; CS,
conditioned stimulus; US, unconditioned stimulus; d, day(s), h: hours, significant group differences (*p < .05, §p < .0001), significant within-group
difference (#p < .01)
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The lack of amnestic effects in the current paper may
have several causes [23]. Drug-induced post-retrieval
amnesia entails two crucial elements: a suitable drug and
appropriate retrieval. First, it is possible that the
pharmacological agents that we administered were all in-
effective in interfering with memory retention. Second,
the various behavioral procedures that we used might
not have resulted in actual memory reactivation, under-
stood as a destabilization of the memory trace which is
required in order to interfere with it, as proposed by the
reconsolidation blockade hypothesis [4]. Instead of hav-
ing this intended effect, our reactivation session may
have led to mere retrieval, without destabilization [44].
We cannot be absolutely sure if one or both factors ac-
count for our results, and there are, of course, countless
parametric variations that we did not try. Nevertheless,
below, we will argue why such “easy” explanations for
our data and conclusions are debatable.
First, in order to evaluate whether the drugs had any

biological effects at the applied dose and administration
route, we performed several additional tests and analyses
(Table 2). We observed acute effects of propranolol, ani-
somycin and cycloheximide on freezing behavior. The
effects of both protein synthesis inhibitors most likely
reflect transient and non-specific changes in general mo-
bility of the animals, in line with signs of sickness that

appear shortly after injection of such drugs (Add-
itional file 1, [9, 39]). Decreased freezing following pro-
pranolol administration presumably does represent a
genuine reduction in fear expression [45] and is in line
with its beta-blocking effects which produce an attenu-
ation of heart rate and blood pressure [46]. In addition
to these effects on freezing behavior, we found that the
protein synthesis inhibitors (i.e., rapamycin, anisomycin,
and cycloheximide) had long-lasting effects on body
weight. After a single injection, animals in the drug con-
ditions gained significantly less weight than vehicle con-
trols over a period of several days, in line with prior
studies [47, 48]. Last but not least, we investigated
whether we were able to interfere with consolidation, ra-
ther than reconsolidation (experiment 8). We used cy-
cloheximide in this study because of its lower toxicity
compared to anisomycin (Additional file 1), the antici-
pated larger effects in comparison with rapamycin, and
the documented ineffectiveness of propranolol to inter-
fere with consolidation of auditory fear [8]. We first ex-
amined the effect on consolidation of fear memory, and
found an unexpected but significant effect in the oppos-
ite direction, i.e., better retention (indexed as higher
freezing) at the start of the test session in drug-treated
animals. Importantly, when we next investigated the ef-
fect of cycloheximide on consolidation of the extinction

Table 1 No evidence in favor of a post-retrieval amnestic effect

Experiment Figure Drug
condition

n Control
condition

n Reactivation
CS (two-
sided t test)

Retention
test

Retention
test (one-
sided t
test,
drug <
control)

Retention
test (RM
ANOVA,
Trial by
group
effect)

Retention
test
(Bayesian
one-sided
t test,
drug <
control)

Retention
test
(Bayesian
evidence
against
drug <
control)

Retention
test
(Bayesian
one-sided
meta-analysis)

Experiment
1

1b Prop 8 Sal 8 t(14) = 0.29,
p = .78

Test 1
(4 CSs)

t(14) = 0.12,
p = .55

F(3,42)
= 0.96, p = .42

BF01 = 2.52 Anecdotal BF01 = 9.93,
suggesting
substantial
evidence for
the absence
of an amnestic
effect

Experiment
1

1b Prop 8 Prop
NoReact

8 NA Test 1
(4 CSs)

t(14) = 0.01,
p = .50

F(3,42)
= 2.02, p = .13

BF01 = 2.35 Anecdotal

Experiment
2

1d Prop 8 Sal 8 t(14) = − 0.09,
p = .93

Test 1
(4 CSs)

t(14) = 0.01,
p = .50

F(3,42)
= 0.56, p = .64

BF01 = 2.35 Anecdotal

Experiment
3

1f Prop 8 Sal 6 t(12) = − 0.13,
p = .90

Test 1
(4 CSs)

t(12) = 0.84,
p = .79

F(3,36)
= 0.69, p = .57

BF01 = 3.45 Substantial

Experiment
4

1h Prop 5 Sal 7 t(10) = −.0.37,
p = .72

Test 1
(4 CSs)

t(4.52) =
− 0.77, p = .24

F(3,30)
= 0.24, p = .87

BF01 = 1.09 Anecdotal

Experiment
5

2b Rap 20 8 Veh 8 t(14) = 1.34,
p = .20

Test 1
(4 CSs)

t(14) = 1.43,
p = .91

F(3,42)
= 0.59, p = 0.63

BF01 = 4.59 Substantial

Experiment
6

2d Rap 40 8 Veh 8 t(14) = −1.38,
p = .19

Test 1
(4 CSs)

t(14) = 0.51,
p = .69

F(3,42) = 1.83,
p = .16

BF01 = 3.13 Substantial

Experiment
7

3b Ani 10 Veh 12 t(20) = − 0.97,
p = .34

Test 2
(3 CSs)

t(10.08) =
− 0.49, p = .32

F(2,40) = 0.33,
p = .72

BF01 = 1.75 Anecdotal

Experiment
7

3b Cyclo 14 Veh 12 t(24) = − 0.91,
p = .37

Test 2
(3 CSs)

t(24) = 1.04,
p = .84

F(2,80) = 1.39,
p = .26

BF01 = 4.83 Substantial

Statistical evaluation of post-retrieval amnesia with systemic administration of propranolol, rapamycin, anisomycin, or cycloheximide provides no
evidence in favor of an amnestic effect. Note that BF01 quantifies the obtained evidence in favor of the null hypothesis (i.e., absence of an amnestic
effect) relative to the alternative hypothesis (i.e., presence of an amnestic effect). For the Bayesian meta-analysis, the comparison of Prop versus Prop
NoReact in experiment 1 was not included as this was a comparison with an additional control condition. Ani anisomycin (150 mg/kg), Cyclo
cycloheximide (1.5 mg/kg), Prop propranolol (10 mg/kg), Rap 20 rapamycin (20 mg/kg), Rap 40 rapamycin (40mg/kg), Sal saline, Veh vehicle
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memory, we did indeed find evidence for amnesia. Ani-
mals that had received the protein synthesis inhibitor
showed worse retention than controls, indicative of
interference with the consolidation of fear extinction. All
in all, we found clear short- and long-term behavioral
and physiological effects of the pharmacological agents

that we used, along with effects on consolidation, argu-
ing against the possibility that our drugs were generally
ineffective using the administration route and dose that
we applied in experiments 1–7.
Second, as mentioned above, we cannot exclude that,

in experiments 1–7, we failed to induce the

Table 2 The applied drugs do have other detectable physiological effects

Experiment Figure Drug
condition

n Control
condition

n Evaluated
drug effect

Statistical
analysis

Result

Short-term
effects on
freezing
behavior

Experiment 4 1i Prop 8 Sal 8 Acute effect on
freezing during
tone CS (1 CS
presentation)

Two-sided t
test (reactivation CS)

t(14) = − 0.93, p = .37, d = 0.50

Luyten et al.
in preparation

/ Prop 29 Sal 26 Acute effect on
freezing during
tone CS (12 CS
presentations)

Two-sided t test
(average of 12 CSs)

t(53) = − 2.36, p < .05, d = 0.65

Experiment 7 3a Ani 10 Veh 12 Short-term (4 h)
effect on freezing
before tone CS

Two-sided t test
(STM test PreCS)*

t(20) = 8.14, p < .0001, d = 3.65

Experiment 7 3a Ani 10 Veh 12 Short-term (4 h)
effect on freezing
during tone CS (3
CS presentations)

Two-sided Welch’s t
test (STM test average
of CS1–3)*

t(12.76) = 4.20, p < .01, d = 1.74

Experiment 7 3a Cyclo 14 Veh 12 Short-term (4 h)
effect on freezing
before tone CS

Two-sided t test
(STM test PreCS)*

t(24) = 4.36, p < .001, d = 1.79

Experiment 7 3a Cyclo 14 Veh 12 Short-term (4 h)
effect on freezing
during tone CS (3
CS presentations)

Two-sided t test
(STM test average
of CS1–3)*

t(24) = 3.46, p < .01, d = 1.42

Long-term
effects on
body weight

Experiment 5 2e Rap 20 8 Veh 8 Effect on body
weight (7d after
injection)

Two-sided t test
(increase from −5d
to +7d)

t(14) = −10.35, p < .0001,
d = 5.53

Experiment 6 2e Rap 40 8 Veh 8 Effect on body
weight (7d after
injection)

Two-sided t test
(increase from −5d
to +7d)

t(14) = −7.37, p < .0001,
d = 3.94

Experiment 7 3c Ani 10 Veh 12 Effect on body
weight (2d after
injection)

Two-sided t test
(increase from −2d
to +2d)

t(20) = −2.55, p < .05, d = 1.14

Experiment 7 3c Cyclo 14 Veh 12 Effect on body
weight (2d after
injection)

Two-sided t test
(increase from −2d
to +2d)

t(24) = −5.44, p < .0001,
d = 2.23

Effects on
memory
consolidation

Experiment 8 3e Cyclo 12 Veh 12 Effect on
consolidation
of tone fear
memory (1d
after injection)

Repeated-measures
ANOVA (test 1,
CS1-2-3)*

Group effect (F(1,22) = 5.53,
p < .05, ηp

2 = .20), Trial effect
(F(2,44) = 8.79, p < .001,
ηp2 = .29), no interaction

Experiment 8 3g Cyclo 6 Veh 6 Effect on
consolidation of
extinction memory
(1d after injection)

Repeated-measures
ANOVA (test 2,
CS1-2-3)*

Trend for group by trial
interaction (F(2,20) = 3.38,
p = .05, ηp2 = .25), Trial effect
(F(2,20) = 6.71, p < .01, ηp2 = .40),
no Group effect

Experiment 8 3g Cyclo 6 Veh 6 Effect on
consolidation of
extinction memory
(1d after injection)

Repeated-measures
ANOVA (test 1, last
CS vs test 2, first CS)

Group by test interaction
(F(1,10) = 5.64, p < .05,
ηp2 = .36), Test effect (F(1,10)
= 12.17, p < .01, ηp2 = .55),
no Group effect

Statistical evaluation of other effects of propranolol, rapamycin, anisomycin, or cycloheximide suggests that the drugs (same dose and route as in Table 1) do
have detectable physiological effects. Ani anisomycin (150mg/kg), Cyclo cycloheximide (1.5 mg/kg), Prop propranolol (10 mg/kg), Rap 20 rapamycin (20 mg/kg),
Rap 40 rapamycin (40 mg/kg), Sal saline, Veh vehicle; *preregistered analysis
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destabilization that is thought to be required in order for
the retrieved fear memory to undergo changes that can
result in amnesia. Although our memories were presum-
ably not too old or too strong (two conditions that may
hamper post-retrieval amnesia [22, 24]), and our animals
clearly retrieved the fear memory during the reactivation
session (moderate to high freezing upon presentation of
the conditioned tone), we cannot be sure that the mem-
ory destabilized. Prior research supports that such
destabilization only occurs when the reactivation session
involves an appropriate degree of prediction error, which
is a function of the extent to which the contingencies at
the time of retrieval match the contingencies at the time
of memory acquisition [49]. We can assume that, in our
experiments, the mismatch between the unreinforced re-
activation tone and the preceding acquisition session
(100% reinforced tones) was large enough to create the
amount of prediction error that appears to be required
for memory destabilization and subsequent interference
with its restabilization [50, 51]. Moreover, given the
similarity of our protocols and the observed freezing
levels during the reactivation session (see Add-
itional file 2) [4, 8, 23, 24, 28, 52–55] with those of pub-
lished reports, it is unlikely that there was no such
mismatch.
A noteworthy difference between previous publications

and our work is that the animals were obtained from a dif-
ferent supplier. Our rats were of the same strain, age, and
sex as in many prior reports, but we cannot exclude that
small genetic variations [56] or subtle differences in early-
life experiences [57] influenced susceptibility to drug-
induced post-retrieval amnesia. Laboratories that reliably
find amnestic effects could examine this in more detail, by
comparing post-retrieval amnesia in (different strains of)
rodents from different suppliers, or by investigating the ef-
fects of genetic or environmental manipulations on the
success of this intervention. If such small (epi)genetic vari-
ations turn out to be crucial, this observation has far-
reaching implications for the overall generalizability of
drug-induced post-retrieval amnesia of fear memories.
Our replication failures indeed suggest that obtaining
amnestic effects depends on very subtle differences be-
tween experiments. This makes the current lack of pub-
lished null findings even more unfortunate, because the
field needs information about the conditions under which
the effect is not found as much as the success stories, in
order to identify these unknown conditions that may in-
fluence memory malleability.
As mentioned above, the conclusions of this paper are

limited to systemic drug administration and cued fear
memory, a deliberate choice in light of the direct rele-
vance of such procedures to clinical applications, e.g.,
for traumatized patients [58]. It is absolutely possible
that local drug infusion (e.g., in the amygdala, cf. [4, 28])

would have permitted us to observe amnestic effects,
given that intracerebral administration—albeit clinically
less relevant for the time being—provides a temporal
and spatial precision that cannot be achieved with sys-
temic administration. In addition, it is possible that the
cannulated rats that were tested in part of the prior lit-
erature behaved or even learned somewhat differently
compared to our non-operated animals. Bear in mind
however that the large majority of the studies that we
present here rely on protocols that have been used often
and successfully for the induction of post-retrieval am-
nesia using systemic administration in non-operated
rats.
An additional caveat is that, even though our experi-

ments with propranolol, anisomycin, and cycloheximide
were well-powered in view of the effects reported in the
literature, those effect sizes may be a gross overestimation
of the true effect [59]. Even a true effect will occasionally
lead to a non-significant finding, given the nature of the
statistical analyses that are typically used to support the
presence of the effect (α = .05). That being said, it is im-
plausible that such statistical considerations may compre-
hensively account for the lack of amnesia that we
observed here. We found not even a trend for amnesia
and, moreover, Bayesian analyses suggested substantial
evidence for the absence of such effect.
Finally, we note that attempts to pharmacologically in-

duce post-retrieval amnesia in other aversive learning
procedures, such as inhibitory avoidance or immediate
shock conditioning after context pre-exposure, have met
with varying degrees of success [23, 29, 60]. Our results
also fit with the mixed findings in the human cued fear
conditioning literature. Although several human fear
conditioning studies have found propranolol-induced
post-retrieval amnesia [13, 61], others reported failures
to replicate this result [14, 46, 62]. Furthermore, our
series of null findings in rodents aligns with personal
communication from several researchers in the field and
reports in unpublished dissertations (e.g., [63]) of failures
to find drug-induced post-retrieval amnesia in rat or
mouse fear conditioning under standard training and re-
activation conditions. This striking contrast with most of
the existing rodent literature suggests a reporting bias,
although we cannot substantiate such claim with the
current study alone. Moreover, we do not intend to
question the veracity of this phenomenon as a whole.
Rather, our data should be seen as an important warning
against overly enthusiastic statements regarding the
generalizability and clinical translatability of drug-
induced post-retrieval amnesia.

Conclusions
In contrast with most published studies, we did not find
evidence for drug-induced post-retrieval amnesia in rats.
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We conclude that this effect may be considerably more
constrained and less readily reproduced than what the
current literature appears to suggest.

Methods
Preregistration and data availability
All experiments, including protocols, planned sample
sizes, and analysis plans, were registered on the Open
Science Framework (OSF) before the start of data collec-
tion (https://doi.org/10.17605/osf.io/j5dgx). All data can
be found there too, as well as on Figshare (https://doi.
org/10.6084/m9.figshare.c.5258129).

Subjects
One hundred sixty-four male Sprague-Dawley rats (270–
300 g on arrival in the lab) (Janvier Labs, Le Genest-
Saint-Isle, France) were housed individually in plastic
cages with bedding, food, and water ad libitum. Cage en-
richment (Dura-Chew, Bio-Serv, Flemington, NJ, USA)
was provided in experiments 2–5. To monitor general
wellbeing, animals were weighed at several points before,
during, and/or after the experiments, but never on train-
ing (except for experiment 1), reactivation or test days,
in order to disturb the behavioral sessions as little as
possible. Body weight on the reactivation day (for calcu-
lation of the drug injection volume) was estimated as the
most recent weight + 10 g/day. Experiments started 3–5
days after arrival in the lab. Animals were kept on a 12
h/12 h day-night cycle, with experiments starting 1–2.5 h
after the beginning of the light phase. Rats were brought
from the housing facility to the testing room approxi-
mately 2 min before each behavioral session in their
home cage, carried by the experimenter (experiment 1)
or transported on a wheeled cart (all other experiments).

Procedure
Experimental designs, including the number of tones
(conditioned stimulus, CS) and shocks (unconditioned
stimulus, US) presented during each session, are
shown in Fig. 1, 2, and 3. Specific details regarding

tone and shock parameters and timing of the stimuli
can be found in Table 3 and in the “Details regarding
the timing of stimulus presentation” section. In all ex-
periments, freezing was scored manually from videos
by an experienced observer blinded to group alloca-
tion [64] and expressed as a percentage of the time
under evaluation. Preregistered criteria for exclusion
were less than 15% freezing during the reactivation
CS in experiments 4 and 7, and exclusion from test 2
analyses in experiment 7 if freezing was less than 15%
during the first 3 CSs of test 1.

Equipment
Four identical chambers (Contextual NIR Video Fear
Conditioning System for Rats, Med Associates Inc., St.
Albans, VT, USA) were equipped with specific context-
ual features for context A and context B. Built-in venti-
lation fans provided background noise (± 67 dB) in all
chambers. Context A had a standard grid floor, a black
triangular insert, was illuminated by infrared and white
light (50 lx) and cleaned and scented with a pine odor
cleaning product. Context B had a white plastic floor, a
white plastic curved back wall insert, infrared light only,
and was cleaned and scented with a different cleaning
product.

Experiments 1–7
Habituation
In some experiments, animals were habituated to con-
text A (experiments 1 and 3) or context A and context B
(experiment 7) 1 day before training.

Training
To acquire a cued fear memory, rats received 1 or 3
tone-shock pairings in context A. Tones were 5000 Hz,
75–80 dB for 20–30 s, and co-terminated with the
shocks (0.7–1.5 mA, 0.5–1 s, depending on the experi-
ment, see details below). In experiments with 3 CS-US
pairings, animals were matched into equivalent groups

Table 3 Parameters of conditioned (CS) and unconditioned stimuli (US) in experiments 1–8

Experiment number (experiment code on OSF) CS (frequency, sound level, duration) US (intensity,
duration)

CS-US pairings during training

Experiment 1 (LLERC01) 5000 Hz 80 dB 20 s 0.7 mA 0.5 s 3

Experiment 2 (LLERC08) 5000 Hz 80 dB 20 s 0.7 mA 1.0 s 3

Experiment 3 (LLERC10) 5000 Hz 75 dB 30 s 1.0 mA 1.0 s 1

Experiment 4 (LLERC11) 5000 Hz 75 dB 30 s 1.0 mA 1.0 s 1

Experiment 5 (LLERC07) 5000 Hz 80 dB 20 s 0.7 mA 0.5 s 3

Experiment 6 (LLERC09) 5000 Hz 80 dB 20 s 1.0 mA 1.0 s 3

Experiment 7 (LLERC19) 5000 Hz 80 dB 30 s 1.5 mA 1.0 s 1

Experiment 8 (LLERC22) 5000 Hz 80 dB 30 s 1.5 mA 1.0 s 1
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(block-randomization) based upon freezing during the
third CS.

Reactivation
Twenty-four hours later, a single tone CS without shock
was presented in context B with the aim of reactivating
the cued fear memory and rendering it vulnerable to
drug interference. Approximately 1–2 min after the end
of the reactivation session, the drug or its control vehicle
was injected systemically. In experiment 4, the injection
was given 3–6 min before (instead of after) reactivation.
Having the propranolol on board during the reactivation
phase may, theoretically, increase the opportunities to
block reconsolidation already in the earliest stages after
reactivation [13, 29, 65]. In experiment 7, short-term
memory was tested in context B, 4 h after reactivation
(no amnestic effects were expected here).

Tests
One or two (in experiments 1 and 3) days later, reten-
tion of the tone fear memory was tested in context B
(test 1), to evaluate the anticipated drug-induced post-
retrieval amnesia. This test consisted of 3 (in experiment
7) or 4 CS presentations. Note that in experiments 2, 5,
and 6, more CSs were presented with the aim of indu-
cing extinction. Nevertheless, the use of the first 3–4
CSs as an index of long-term fear memory retention was
preregistered. Under the assumption that we were going
to induce post-retrieval amnesia, most experiments fea-
tured additional tests to assess the robustness of the am-
nesia that we were expecting to see, including
spontaneous recovery tests after (partial) extinction of
the fear memory in experiments 1, 3, and 5, renewal
tests in context A in experiments 1, 3, 5, and 7, and re-
instatement tests in experiments 2 and 6.

Exact replications
Experiment 3 (up to and including test 1) was an exact
replication of Debiec amd LeDoux [8]. In addition, the
behavioral procedure (up to test 1) of experiment 7 was
an exact replication of a protocol used in Duvarci et al.
[28] and Nader et al. [4] (details see Additional file 3) [4,
10, 12, 17, 25, 28, 41, 66–68]. The route of drug admin-
istration did, however, differ between their studies (infu-
sion into the basolateral amygdala) and ours, as we
chose to use systemic injections throughout. All other
experiments were conceptual replications of prior suc-
cessful studies.

Experiment 8
Experiment 8 was designed to test drug effects on con-
solidation rather than reconsolidation. Therefore, on the
first day, training of a cued fear memory with one tone-
shock pairing took place in context A, immediately

followed by injection of cycloheximide or vehicle. One
day later, retention of the cued fear memory (and pos-
sible effects of cycloheximide on its consolidation) was
assessed during the first 3 CSs of test 1 in context B.
This test session continued with further extinction of
the cued fear memory. Immediately after this extinction
training, rats that had received vehicle after training,
now received cycloheximide or vehicle. One day later,
retention of the extinction memory (and possible effects
of cycloheximide on its consolidation) in this subset was
assessed during test 2 in context B.

Details regarding the timing of stimulus presentation
Experiment 1
Habituation: 600 s context exposure. Training: 120 s ac-
climation, interval between CS onsets is 180 s, rat re-
moved from context 120 s after last CS onset.
Reactivation: 120 s acclimation, rat removed from con-
text 60 s after CS onset. Test 1-2-3: 120 s acclimation,
interval between CS onsets is 120 s, rat removed from
context 120 s after last CS onset.

Experiment 2
Training: 600 s acclimation, interval between CS onsets
is 180 s, rat removed from context 180 s after last CS on-
set. Reactivation: 120 s acclimation, rat removed from
context 60 s after CS onset. Test 1–2: 120 s acclimation,
interval between CS onsets is on average 120 s (range
100–140 s), rat removed from context 120 s after last CS
onset. Reinstatement: 300 s acclimation, interval between
US onsets is 180 s, rat removed from context 120 s after
last US onset.

Experiment 3
Habituation: 600 s context exposure. Training: 120 s ac-
climation, 1 CS-US pairing, rat removed from context
60 s after CS onset. Reactivation: 120 s acclimation, 1
CS, rat removed from context 60 s after CS onset. Test
1-2-3: 120 s acclimation, 4 CSs and interval between CS
onsets is on average 120 s (range 90–150 s), rat removed
from context 60 s after last CS onset.

Experiment 4
Training: 480 s acclimation, 1 CS-US pairing, rat re-
moved from context 60 s after CS onset. Reactivation:
120 s acclimation, 1 CS, rat removed from context 60 s
after CS onset. Test 1: 120 s acclimation, 4 CSs and
interval between CS onsets is on average 120 s (range
90–150 s), rat removed from context 60 s after last CS
onset.

Experiment 5
Training: 600 s acclimation, interval between CS onsets
is 180 s, rat removed from context 180 s after last CS
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onset. Reactivation: 120 s acclimation, rat removed from
context 60 s after CS onset. Test 1-2-3: 120 s acclima-
tion, interval between CS onsets is on average 120 s
(range 100–140 s), rat removed from context 120 s after
last CS onset.

Experiment 6
Training: 600 s acclimation, interval between CS onsets
is 180 s, rat removed from context 180 s after last CS on-
set. Reactivation: 120 s acclimation, rat removed from
context 60 s after CS onset. Test 1–2: 120 s acclimation,
interval between CS onsets is on average 120 s (range
100–140 s), rat removed from context 120 s after last CS
onset. Reinstatement: 300 s acclimation, interval between
US onsets is 180 s, rat removed from context 120 s after
last US onset.

Experiment 7
Habituation: 600 s context exposure (4-h interval be-
tween two contexts, counterbalanced order). Training:
300 s acclimation, rat removed from context 60 s after
CS-US offset.
Reactivation: 300 s acclimation, rat removed from con-

text 60 s after CS offset. Test STM-1-2: 300 s acclima-
tion, interval between CS onsets is 90 s, rat removed
from context 60 s after last CS offset.

Experiment 8
Training: 300 s acclimation, rat removed from context
60 s after CS-US offset. Test 1–2: 300 s acclimation,
interval between CS onsets is 90 s, rat removed from
context 60 s after last CS offset.

Drugs
Propranolol
In experiments 1–4, propranolol (Product P0884, Sigma-
Aldrich, Overijse, Belgium) was dissolved in saline on
the day of injection to obtain a solution of 10 mg/ml, ad-
ministered intraperitoneally at 1 ml/kg (10 mg/kg dose).
Control animals received saline (1 ml/kg). Injections
were given in the testing room, except for experiment 4
where animals were injected in an adjacent room.

Rapamycin
In experiments 5–6, rapamycin (LC Laboratories, Wo-
burn, MA, USA) was dissolved in vehicle (100% DMSO)
(99.8% dimethyl sulfoxide extra pure, Acros Organics,
Geel, Belgium) on the day of injection to obtain a solu-
tion of 20 mg/ml, administered intraperitoneally at 1 ml/
kg (20 mg/kg dose in experiment 5) or 2 ml/kg (40 mg/
kg dose in experiment 6). Injections were given in the
testing room.

Anisomycin and cycloheximide
In experiments 7–8, anisomycin (Product A9789, Sigma-
Aldrich) (50 mg/ml) was dissolved in saline which was
brought to pH ≤ 5 using HCl, and then adjusted again to
pH ± 7–7.4 with NaOH. Cycloheximide (Product C7698,
Sigma Aldrich) (0.5 mg/ml) and the vehicle solution
were prepared using the same procedure. All solutions
were made on the day before injection and stored in the
fridge until 30 min before injection, while continuously
being shielded from light. Solutions were administered
subcutaneously in the nape of the neck at 3 ml/kg (150
mg/kg dose of anisomycin or 1.5 mg/kg dose of cyclo-
heximide). Injections were given in a room adjacent to
the testing room. Note that [9] used 2.8 mg/kg cyclohex-
imide intraperitoneally, but mentioned the loss of several
animals, which is why we decided to use a lower dose.
The doses applied in this study are around the tolerance
threshold (see Additional file 1), and these (or some-
times lower) doses have been shown to be effective in
other rat learning procedures (e.g., [10, 12, 17, 67]).
Prior research (with anisomycin, [69]) moreover suggests

that subcutaneous administration results in more long-
lasting effects than intraperitoneal injection, and may there-
fore produce inhibitory effects on protein synthesis that are
more similar to those of intracerebral drug administration.

Statistical analyses
Statistical analyses were conducted using Statistica
13.5.0.17 (TIBCO Software Inc., Palo Alto, CA, USA),
and the main analyses were confirmed in JASP 0.9.1
(JASP Team). Cohen’s d effect sizes were calculated ac-
cording to [70] and power (with α = .05) was estimated
with G*Power 3.1.9.2 [71]. Significance levels were set at
p < .05. All graphs were created using GraphPad Prism
7.02 (GraphPad Software, La Jolla, CA, USA).

Preregistered analyses
In experiments 1–7, freezing during the reactivation CS
was compared between drug-treated and control groups
(two-sided t tests) to assess whether all animals retrieved
the fear memory to a similar extent. Next, the crucial ana-
lysis was a comparison of tone fear memory retention on
test 1 (evaluation of freezing during the first 4 CSs in ex-
periments 1–6 and during the 3 CSs in experiment 7).
Given the clear prediction of the direction of the effect
(i.e., drug < control), one-sided t tests were conducted on
the average freezing during these CSs. When Levene’s test
suggested a violation of the equal variance assumption,
Welch’s t test was performed (experiments 4 and 7). To
consider all available information from each trial, we also
conducted repeated-measures ANOVAs (RM ANOVAs)
with factors Trial and Group, if necessary with
Greenhouse-Geisser correction, and followed up with
Tukey’s post-hoc tests. Additionally, planned analyses
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regarding acute effects of anisomycin and cycloheximide
on preCS and CS-elicited freezing during the short-term
memory test (experiment 7) were performed (two-sided t
tests). As indicated above and in the graphs, most experi-
ments continued after the (first) 3 or 4 CSs of test 1, with
the aim of evaluating the expected amnestic effect in more
detail and over a longer period of time. Given the absence
of any evidence for amnesia in drug-treated compared to
control animals, reporting the results of all additional
planned analyses (i.e., comparing the extent of spontan-
eous recovery, renewal and reinstatement between groups)
seems superfluous. For the sake of completeness, all data
are, however, shown in the graphs and the results of all
preregistered analyses can be found on OSF. In none of
these analyses significant group differences were found.
In experiment 8, the effect on consolidation of fear

memory was evaluated by comparing freezing during the
first 3 CSs of test 1 between drug-treated and control
rats (RM ANOVA). Rats that had received vehicle after
training (n = 12) were then allocated to two subgroups
that received cycloheximide or vehicle after extinction
training during test 1. Extinction of both subgroups dur-
ing test 1 (all 12 CSs) was evaluated with a RM ANOVA
with Greenhouse-Geisser correction. Extinction memory
retention (all 3 CSs) was analyzed with a RM ANOVA.

Analyses that were not part of the preregistered analysis
plan
Given the results of the preregistered (frequentist infer-
ence) analyses of experiments 1–7, we conducted add-
itional Bayesian analyses, using the BayesFactor package
in R (version 3.3.2, R Foundation) and assuming a de-
fault Cauchy prior with a scaling factor of .707. In order
to quantify the evidence for the absence of a group effect
on average freezing during the tones at test, we per-
formed Bayesian one-sided t tests (drug < control). In
addition to tests per experiment, we carried out a Bayes-
ian fixed-effects, one-sided meta-analysis using the t
values from one-sided t tests (meta.ttestBF function).
For all reported Bayesian analyses, BF01 quantifies evi-
dence in favor of the absence of an amnestic effect (i.e.,
H0: drug-treated rats do not show lower freezing than
control rats at test). Bayes factors were categorized in ac-
cordance with [72], with a BF01 between 1 and 3 sug-
gesting anecdotal evidence for H0, and a BF01 between 3
and 10 suggesting substantial evidence.
To more comprehensively characterize the effects of the

applied drugs, we also evaluated the acute effects of pro-
pranolol on freezing during the reactivation CS in experi-
ment 4 (two-sided t test, no exclusion criterion applied,
thus n = 8 per group). A similar analysis was done for
acute effects of propranolol on freezing during an extinc-
tion session consisting of 12 CSs (RM ANOVA, Luyten
et al. in prep). Long-term effects on body weight for

rapamycin, anisomycin, and cycloheximide (experiments
5–7) were evaluated by comparing the increase in body
weight (difference between last measurement before and
after injection) between groups (two-sided t tests).
For a more thorough analysis of extinction retention

in experiment 8, the change in freezing from the last
trial of test 1 to the first trial of test 2 was evaluated with
a RM ANOVA with factors test and group.

Power calculations
As mentioned above, published studies using propranolol,
anisomycin or cycloheximide typically report large effect
sizes. Intraperitoneal injection of 10mg/kg propranolol
after retrieval of a conditioned tone in adult male rats [8,
29] has repeatedly been found to produce strong amnestic
effects with an average Cohen’s d = 1.99 (based upon in-
spection of the graphs of both studies), resulting in a
power of .98 when comparing 8 propranolol and 8 control
rats (all calculations are for one-sided t tests, unless indi-
cated otherwise). Power is still > 0.90 with only 5 propran-
olol and 7 control animals, as is the case for experiment 4.
Protein synthesis inhibitors anisomycin and cyclohexi-

mide have both been administered in auditory fear con-
ditioning studies, albeit not systemically, but locally into
the basolateral amygdala. They have, however, been ap-
plied systemically for example for interference with in-
hibitory avoidance memories in rats. For anisomycin, the
effect size in [4, 10] (150 mg/kg) was d = 1.92 on average.
This results in a power of .99 when using a sample size
of 10 rats per group. For cycloheximide, the effect size
in [9, 28] was d = 1.29 on average, resulting in a power
of .94 with 14 cycloheximide-treated and 12 control rats.
Effect sizes in rat auditory fear conditioning studies

using injections of mTOR inhibitor rapamycin (20–40
mg/kg) are considerably smaller (average d = 0.59 in [11,
30, 31]). The sample sizes used in the current study (n =
8 per group) do not allow for a power of ≥ .80 (rather
0.30), but experiments with different doses of rapamycin
do permit us to explore whether there is at least a trend
supporting an amnestic effect.
In the final study, we investigated the effect of cyclo-

heximide on the consolidation of fear memories. Pub-
lished reports described significant interference of
cycloheximide with the consolidation of tone fear mem-
ories (in rats and mice [35–37];), with d = 1.24 on aver-
age, yielding a power of 0.83 with 12 animals per group
(two-sided t test). In a subset of animals (n = 6 per
group), we evaluated the effect of cycloheximide on the
consolidation of an extinction memory. This analysis
may be underpowered, although some prior studies did
show very large effect sizes (e.g., [73], with systemic cy-
cloheximide and contextual fear in mice, d = 1.77), which
would still yield acceptable power (0.79) with only 6 ani-
mals per subgroup (two-sided t test).
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