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Upon recall, a memory can enter a labile state in which it requires new protein synthesis to
restabilize. This two-phased reconsolidation process raises the prospect to directly target
excessive fear memory as opposed to the formation of inhibitory memory following extinc-
tion training. In our previous studies, we convincingly demonstrated that 40 mg propranolol
HCl administration before or after memory reactivation eliminated the emotional expres-
sion of fear memory indexed by the fear potentiated startle reflex. To apply this procedure
in clinical practice it is important to understand the optimal and boundary conditions of this
procedure. As part of a large project aimed at unraveling putative boundary conditions of dis-
rupting reconsolidation of associative fear memory with propranolol HCl, we again tested
our memory reconsolidation procedure. Participants (N =44) underwent a three-day dif-
ferential fear conditioning procedure. Twenty-four hours after fear acquisition, participants
received 40 mg propranolol HCl prior to memory reactivation. The next day, participants
were subjected to extinction training and reinstatement testing. In sharp contrast to our
previous findings, propranolol HCl before memory reactivation did not attenuate the star-
tle fear response. Remarkably, the startle fear response even persisted during extinction
training and did not show the usually observed gradual decline in conditioned physiolog-
ical responding (startle potentiation and skin conductance) upon repeated unreinforced
trials. We discuss these unexpected findings and propose some potential explanations.
It remains, however, unclear why we observed a resistance to reduce conditioned fear
responding by either disrupting reconsolidation or extinction training. The present results
underscore that the success of human fear conditioning research may depend on subtle
manipulations and instructions.
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INTRODUCTION
Reconsolidation has attracted much attention in the literature
because it provides the opportunity to weaken excessive fear mem-
ory with the promise to permanently reduce previously learned
fear responding. Reconsolidation refers to the process wherein
a memory trace, following retrieval, enters a temporarily labile
state requiring de novo protein synthesis for restabilization (Nader
et al., 2000; Sara, 2000). The process of reconsolidation is typ-
ically demonstrated in animals through the amnestic effects of
protein synthesis inhibitors administered after memory reactiva-
tion (e.g., Nader et al., 2000; Sara, 2000). In a series of human fear
conditioning studies in our lab, we convincingly demonstrated
that administration of the β-adrenergic receptor antagonist pro-
pranolol HCl before or after memory reactivation eliminated the
emotional expression of fear memory (i.e., fear potentiated star-
tle reflex), while leaving the declarative memory intact (Kindt
et al., 2009; Soeter and Kindt, 2010, 2011a, 2012a,b; Sevenster
et al., 2012, 2013, 2014a). Importantly, this fear-reducing effect was
long-lasting (Soeter and Kindt, 2010) and generalized to seman-
tically related stimuli (Soeter and Kindt, 2011b, 2012b) as well as
to other contexts (Soeter and Kindt, 2012a). These findings mark

the potential of disrupting reconsolidation with propranolol to
weaken and perhaps even erase a previously learned fear response.

Reconsolidation has been shown across several species and
with different protocols, which underlines the robustness of this
phenomenon. However, there are also certain parameters – so-
called boundary conditions – that may constrain reconsolidation
to occur (Nader and Hardt, 2009). Recently, it has been shown
that mere retrieval is not sufficient to render a memory trace labile
(Pedreira et al., 2004; Sevenster et al., 2012, 2013, 2014a; Díaz-
Mataix et al., 2013). A prerequisite to trigger reconsolidation is
the experience of a prediction error upon retrieval, which refers
to a mismatch between what is expected and the actual experi-
ence. Other putative boundary conditions that have been proposed
are the strength (Suzuki et al., 2004; Wang et al., 2009, but see
Soeter and Kindt, 2012b) and the age (Milekic and Alberini, 2002;
Suzuki et al., 2004) of the consolidated memory trace, repetitive
or prolonged memory reactivation (i.e., extinction learning) (e.g.,
Eisenberg et al., 2003; Bos et al., 2012; Sevenster et al., 2014a) and
the spatial context during memory reactivation (Hupbach et al.,
2008). Thus, memory reconsolidation upon retrieval may only
occur under the appropriate conditions.
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The effectiveness of disrupting memory reconsolidation seems
to be sensitive to individual differences as well, such as genetic
polymorphisms (Agren et al., 2012) and trait anxiety (Soeter
and Kindt, 2013). Collapsing the data of most of our previous
experiments revealed that individuals that can be characterized
by high levels of trait anxiety showed somewhat less fear reduc-
tion following propranolol HCl administration before or after
memory reactivation. This may indicate that for individuals high
in trait anxiety either another reactivation procedure or higher
doses of propranolol HCl are required to trigger or interfere with
the process of fear memory reconsolidation (Soeter and Kindt,
2013).

The ability to eliminate the emotional expression of fear mem-
ory by disrupting memory reconsolidation may substantially
enhance treatment efficacy in the near future. To apply this proce-
dure in clinical practice, it is, however, essential to understand the
optimal and boundary conditions of this procedure. The reported
data in this article were part of a larger project aimed at unrav-
eling putative boundary conditions of disrupting reconsolidation
of memory in humans with propranolol HCl. The project started
with pilot studies to demonstrate our reconsolidation effect, but
turned out in a failure to replicate our previous findings. Along the
way, we made subtle changes in our instructions in order to opti-
mize the procedure. It bears mentioning that we have replicated
our original finding of disrupting fear memory reconsolidation
(Kindt et al., 2009) multiple times (Soeter and Kindt, 2010, 2011a,
2012a,b; Sevenster et al., 2012, 2013, 2014a). Hence, the initial
objective of the current study was not to demonstrate another
replication. Nevertheless, presenting these unexpected results is
important as they might at least prevent a publication bias, even
though it remains unclear why we failed to reduce the conditioned
fear response (CR).

We report the data of 44 participants who underwent a three-
day differential fear conditioning paradigm including the fol-
lowing phases: acquisition (day 1), memory reactivation (day 2),
differential extinction training, and reinstatement testing (day 3).
On day 1, participants were differentially conditioned by pair-
ing one picture of a spider (conditioned stimulus; CS1) with
an aversive electric shock (unconditioned stimulus; US), while
another picture of a spider was never paired with the US. On
day 2, participants received propranolol HCl 90 min before the
fear memory was reactivated by a non-reinforced presentation of
the feared stimulus (CS1-R). Memory retention of the CS1 and
CS2 was tested 24 h later. At test, participants were exposed to
differential extinction training. To investigate the return of fear,
three reminder shocks were presented to reinstate the CR. The CR
was measured by the fear potentiated startle reflex, skin conduc-
tance, and online US-expectancy ratings. Based on our previous
findings, we expected that propranolol HCl administration before
memory reactivation would diminish the emotional expression of
fear memory (i.e., fear potentiated startle reflex) 24 h later, but
would leave the declarative memory unaffected (i.e., online US
expectancy). Given that skin conductance seems strongly related
to US-expectancy ratings in fear conditioning paradigms (e.g.,
Hamm and Weike, 2005; Soeter and Kindt, 2010; Sevenster et al.,
2014b), we expected that propranolol HCl would not affect skin
conductance either.

The current results demonstrated that propranolol HCl admin-
istration prior to reactivation did not affect the emotional expres-
sion of fear. That is, the acquired fear potentiated startle response
remained intact on day 3 at test, throughout extinction training
and at reinstatement testing. These results are in sharp contrast to
previous findings on human fear conditioning and we will discuss
possible explanations of these unexpected results.

MATERIALS AND METHODS
PARTICIPANTS
A total of 44 undergraduate students (16 men and 28 women),
ranging in age between 18 and 26 years (Mean± SD age –
20.66± 2.17 years) participated in a propranolol HCl condition.
All participants were assessed to be free from any current or pre-
vious medical or psychiatric condition that would contra-indicate
participation [i.e., pregnancy, blood pressure (BP) < 90/60, seizure
disorder, respiratory disorder, cardiovascular disease, diabetes,
liver/kidney disorder, medication use (other than oral contracep-
tives), depression, anxiety or psychosis]. Furthermore, participants
who scored above 26 on the anxiety sensitivity index (ASI, Peterson
and Reiss, 1992) were excluded from participation, as they might
experience difficulty with any temporary symptoms induced by
propranolol HCl. Participants received either course credits or
were paid a small amount of money (C35) for their partici-
pation. The ethical committee of the University of Amsterdam
approved all procedures and informed consent was obtained from
all participants.

MEASUREMENTS AND APPARATUS
Stimuli
The conditioned stimuli (CS) consisted of two different pictures of
spiders (IAPS, nr 1200 and 1201, Lang et al., 2005). Assignment of
the slides to CS1+ and CS2− was counterbalanced across partic-
ipants. An electric stimulus of 2 ms served as the US. The electric
stimulus was delivered through a pair of Ag electrodes of 20 by
25 mm with a fixed inter-electrode mid-distance of 45 mm, which
were controlled by a Digitimer DS7A constant current stimulator
(Hertfordshire, UK). A conductive gel (Signa, Parker Laboratories)
was applied between the electrodes and the skin.

Fear potentiated startle reflex
The acoustic startle reflex was used as an index of the emotional
expression of the CR. Potentiation of the acoustic startle reflex to a
loud noise was measured by electromyography (EMG) of the right
orbicularis oculi muscle. Two 7 mm Ag/AgCl electrodes filled with
electrolyte gel were attached approximately 1 cm under the pupil
and 1 cm below the lateral canthus, respectively; a ground elec-
trode was placed on the forehead (Blumenthal et al., 2005). The
acoustic stimulus was a burst of white noise (40 ms; 104 dB) with
near-instantaneous rise time. Startle probe and background noise
were both presented binaurally over headphones (Sennheiser 25
I-II). The eyeblink EMG activity was measured using a bundled
pairs of electrode wires connected to a front-end amplifier with an
input resistance of 10 MΩ and a bandwidth of DC-1500 Hz. The
EMG signal was sampled at 1000 Hz. Note that in our first study
on reconsolidation (Kindt et al., 2009) the magnitude of the startle
response was multiplied by factor two.
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Skin conductance response
Electrodermal activity was measured using an input device with a
peak–peak sine shaped excitation voltage (± 0.5 V) of 50 Hz. Two
Ag/AgCl electrodes of 20 by 16 mm were attached to the medial
phalanx surfaces of the middle and fourth finger of the non-
dominant hand. The signal from the input device was led through
a signal-conditioning amplifier and the analog output was digi-
tized at 1000 Hz by a 16-bit AD-converter (National Instruments,
NI-6224).

US-expectancy ratings
US-expectancy ratings were used as an index of the cognitive
expression of the CR. US expectancy was measured online dur-
ing the first 7 s of each CS presentation on an 11-point visual
analog scale (VAS) ranging from−5 (certainly no shock) through
0 (uncertain) to 5 (certainly a shock). The scale was continuously
presented at the bottom of the computer screen in order to focus
participants’ attention to the CS–US contingencies. Participants
rated US-expectancy levels by shifting the cursor on the scale with
the mouse and confirmed their ratings by clicking the left mouse
button.

US-evaluation
Evaluation of the US was assessed on an 11-pointVAS scale ranging
from−5 (unpleasant) to 5 (pleasant).

Anxiety assessment
The spider phobia questionnaire (SPQ, Klorman et al., 1974) was
used to determine the degree of spider fear. The ASI was used
to assess participants’ tendency to respond anxiously to potential
temporary symptoms of the use of propranolol HCl. State and trait
anxiety were measured with the State and Trait Anxiety Inventory
(STAI-S and STAI-T, Spielberger, 1970). State anxiety was used to
assess the influence of propranolol HCl. The spider fear (SPQ)
and trait anxiety (STAI-T) were measured to explore the effect of
individual differences on disrupting reconsolidation of spider fear
memory.

Pharmacological treatment
Propranolol HCl (40 mg) pills were prepared by a pharmacy (Huy-
gens Apotheek, Voorburg). To assess whether propranolol HCl
exerted its physiological effect, we measured BP using an elec-
tronic sphygmomanometer, with the cuff attached to the right
upper arm.

EXPERIMENTAL DESIGN AND PROCEDURE
Participants underwent a differential fear conditioning procedure
that consisted of several phases across three consecutive days (see
Figure 1). Each testing session started with 10 startle habituation
trials to stabilize baseline startle reactivity. A 70-dB broadband
noise was used as a background noise throughout all sessions.
Testing procedures were similar to the study of Kindt et al. (2009)
unless otherwise noted.

Day 1 – acquisition
Prior to the experimental procedure, participants were interviewed
regarding their medical or psychiatric condition. Thereafter ASI

FIGURE 1 | Schematic of the experimental design over three days.

and SPQ were administered. After attachment of the EMG, SCR,
and shock electrodes, individual shock intensity was determined.
The work-up procedure started at a very mild level of shock (1 mA)
and gradually increased until the shock level reached a level that
the participant determined as uncomfortable, but not painful. The
intensity of the shock remained the same throughout the exper-
iment. After US selection, participants were instructed regarding
the CS. Participants received the instruction to look carefully at the
slides, of which one would in most cases be followed by shock and
the other would never be followed by shock. They were instructed
to rate their expectancy of the shock during each slide. During
acquisition, the CS1 and CS2 stimuli were presented eight times
for 8 s. The startle probe was presented 7 s after stimulus onset.
To delay extinction learning the subsequent days, a fixed partial
reinforcement schedule was applied (first and fifth CS1 trial were
unreinforced). The US was presented 7.5 s after stimulus onset. To
assess fear responses to the context, eight baseline startle probes
were presented during the inter-trial intervals (ITI; Noise Alone
trials, NA). Mean ITI was 20 s (range: 15–25). Trial order and
ITI were semi-random, with the restriction that no more than
two consecutive trials or ITI durations were of the same type.
Characteristics of the CS, ITI and trial order were similar for the
following days. At the end of session one, participants evaluated
the US and CS.

Day 2 – memory reactivation
Blood pressure and STAI-S were assessed before participants
received an oral dose of 40 mg of propranolol HCl (single blind).
In view of the kinetics of the peak plasma concentration (1–2 h)
of propranolol HCl (Gilman and Goodman, 1996), the mem-
ory reactivation procedure started 90 min after pill intake. After
attachment of the electrodes, participants were instructed that the
experiment would be a continuation of the previous day and that
they had to remember what they learned the day before. The first 24
participants received the same instruction as in our first reconsol-
idation study (Kindt et al., 2009): one stimulus would sometimes
be followed by the shock and the other stimulus would never be
followed by a shock. The explicit instruction regarding the con-
trol stimulus (CS2−) was given to reduce the ambiguity of this
stimulus during the subsequent testing days and to ensure that
participants did not expect a reversed reinforcement schedule.
Given that we failed to replicate our reconsolidation finding in
this sample (n= 24), we changed our instructions. To increase the
likelihood that participants experienced a discrepancy between the
expectancy of the shock and the absence of receiving the shock as
was triggered by the retrieval trial, we told the subsequent sample
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of participants (n= 20) that one stimulus would in most cases be
followed by the shock and the other stimulus would never be fol-
lowed by the shock. The memory reactivation phase consisted of 1
unreinforced CS1 trial, and 1 NA trial. BP and STAI-S were again
assessed after memory reactivation.

Day 3 – extinction and reinstatement
Upon arrival at the lab, BP was again assessed. After attachment
of the electrodes, participants were only informed that the same
stimuli were presented as on day 1. The differential extinction
phase consisted of randomized presentations of unreinforced CS1,
CS2, and NA trials (number of presentations was 12 or 16). After
the extinction procedure, participants received three unsignaled
shocks. The time between extinction and the reinstatement shocks
was 19 s, the time between the shocks was on average 28 s. The three
unsignaled shocks were followed by reinstatement testing, which
consisted of randomized and unreinforced presentations of CS1,
CS2, and NA (number of presentations was 5 or 6). At the end of
the experiment, participants completed the STAI-T and STAI-S.

DATA REDUCTION AND STATISTICAL ANALYSIS
All physiological data were processed with VSRRP 98 v9.0 (devel-
oped by Technical Support Group UvA Psychology). For the startle
response data, an analog notch filter was set at 50 Hz to remove
interference of the mains noise. The raw EMG signal was amplified
and band-pass filtered (28–500 Hz butterworth forth order) (Van
Boxtel et al., 1998; Blumenthal et al., 2005). Startle magnitude was
defined as the amplitude of the first peak within a 20–200 ms inter-
val following the startle probe onset. Outliers were determined
over all trials (−3 < Z > 3; 0.86%) and individually replaced by
the linear trend of that data point for each phase and CS type
separately.

Electrodermal responses elicited by the CS were determined
by taking the baseline (i.e., 2 s before CS onset) to peak differ-
ence within the 7 s window following stimulus onset. Outliers
were determined over all trials (−3 < Z > 3; 0.69%) and replaced
following the same procedure as the startle data. To increase nor-
mality, raw SCR were log-transformed (LG10(SCR+ 1.5) (Fowles
et al., 1981). Due to technical problems with the skin conductance
electrodes, we did not obtain proper data for six participants and
those participants were discarded from analyses.

US-expectancy ratings were multiplied by 20 to create a scale
from−100 to 100.

Statistical analyses were performed using the SPSS statistical
software package (SPSS Inc., Chicago, IL, USA). Given that we
found no differences between the two instruction groups (n= 20;
n= 24), we collapsed the data and described the analyses over all
participants. Repeated measures analyses of variance (ANOVA)
were performed for each dependent variable separately to test
for acquisition, extinction and reinstatement effects. Stimulus
(CS1+/− versus CS2−) and trial (all trials within each phase and
the first and last trial between phases) were used as the within-
subject factors. When the assumption of sphericity was violated,
Huynh–Feldt correction was applied when the epsilon was≥0.75,
otherwise the multivariate data were interpreted (Field, 2013).

Next, we performed a hierarchical regression analysis to
explore whether vulnerability factors, like trait anxiety, SPQ, or

responsiveness to propranolol HCl (decrease in BP) could predict
individual differences among participants on (1) change in differ-
ential expression of fear from day 1 to day 3 and (2) differential
expression of fear at reinstatement test. To obtain a single value
for the change in fear expression due to propranolol HCl adminis-
tration before memory reactivation, we subtracted the differential
startle response of the last trial of acquisition (a8; CS1+ minus
CS2−) from the differential startle response of the first trial of
extinction training (e1; CS1− minus CS2−). Furthermore, we
calculated the differential startle response at the first reinstate-
ment test trial (r1; CS1− minus CS2−). Based on our previous
study (Soeter and Kindt, 2013), we first entered trait anxiety as
potential predictor in the hierarchical regression model (first level)
followed by trait anxiety, state anxiety, SPQ and percentage change
in systolic and diastolic BP (second level).

An alpha level of.05 was used for all statistical tests.

RESULTS
ANXIETY ASSESSMENT AND US CHARACTERISTICS
Table 1 presents the mean (SD) scores on the anxiety question-
naires and characteristics of the US. Shock intensity ranged from 4
to 40 mA and was negatively rated by participants (range: 0 to−5).

MANIPULATION CHECK OF PROPRANOLOL HCl
Analysis of the effect of propranolol HCl on BP demonstrated
the expected decrease in both systolic (t (43)= 10.54, p < 0.001,
d = 1.59) and diastolic BP (t (43)= 4.89, p < 0.001, d = 1.27) from
baseline to 95 min after pill intake. Systolic BP dropped from
120.36 (SD= 11.38) to 106.93 (SD= 10.95) and diastolic BP from
69.07 (SD= 4.92) to 65.18 (SD= 6.15). This suggests that propra-
nolol HCl manipulation exerted its intended physiological effect.
In line with previous studies (e.g., Grillon et al., 2004; Soeter and
Kindt, 2010), propranolol HCl did not affect levels of state anxiety
(t < 1.0).

FEAR POTENTIATED STARTLE REFLEX
Figure 2 presents the general decrease in startle amplitude dur-
ing the habituation trials at the start of each session. Analysis on
the habituation trials (h1–h10) for the three days, showed a main
effect of Trial (F(6.22, 267.28)= 15.61, p < 0.001, ηp

2
= 0.27) and

Day (F(2,86)= 4.96, p= 0.009, ηp
2
= 0.10), in the absence of a

Trial by Day interaction. There was a general decrease in startle
amplitude during habituation on each day. Furthermore, sim-
ple contrasts revealed that startle amplitude was lower on day 3

Table 1 | Mean values ± SEM of reported spider fear (SPQ), trait

anxiety, anxiety sensitivity (ASI), intensity of the US and subjective

evaluation of the US.

Anxiety assessment

Spider fear 6.77±0.88

Trait anxiety 34.11±1.16

Anxiety sensitivity 9.80±0.82

US characteristics

Shock intensity (mA) 17.91±1.44

Shock evaluation −3.16±0.15

Frontiers in Behavioral Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 412 | 4

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bos et al. Noradrenergic blockade of memory reconsolidation

FIGURE 2 | Mean startle potentiation to the 10 habituation trials prior
to acquisition (day 1), reactivation (day 2), and differential extinction
training (day 3). Error bars represent SEM.

compared to day 1 (F(1,43)= 7.73, p= 0.008, ηp
2
= 0.15) and day

2 (F(1,43)= 5.30, p= 0.026, ηp
2
= 0.11).

As can be seen in Figure 3A, robust levels of fear acqui-
sition were obtained, as indicated by a gradual increase (trial
a1–a8) in differentiation between CS1 and CS2 (Stimulus×Trial:
F(5.94,255.28)= 4.19, p= 0.001, ηp

2
= 0.09). At memory reac-

tivation, we observed stronger startle amplitude in response
to CS1 compared to NA (t (43)= 2.51, p= 0.016, d = 0.38). In
sharp contrast to previous studies of our lab, administration
of propranolol HCl did not result in a decrease in differen-
tial startle response from the end of day 1 (a8) to the first
extinction trial (e1) 48 h later (Stimulus×Trial: F < 1.0). As
can be seen in Figure 3A, the differentiation in startle ampli-
tude between CS1 and CS2 remained (stimulus: F(1,43)= 9.00,
p= 0.004, ηp

2
= 0.17). Moreover, there was a general increase

in startle reactivity from day 1 to day 3 (Trial: F(1,43)= 11.34,
p= 0.002, ηp

2
= 0.21). Remarkably, analysis of differential extinc-

tion training on day 3 showed no decrease in differential startle
responding either (trial 1–12; Stimulus×Trial: F < 1.0; Stimu-
lus: F(1,43)= 20.43, p < 0.001, ηp

2
= 0.32). There was, however,

a general decrease in startle reactivity during extinction train-
ing (Trial: F(6.85, 294,71)= 11.28, p < 0.001, ηp

2
= 0.21). Addi-

tional analysis on the last extinction trial (e12) confirmed that
extinction training was unsuccessful, as indicated by a differ-
ence in startle amplitude between CS1 and CS2 (t (43)= 2.77,
p= 0.008, d = 0.43). Given that the differential startle response
did not diminish after extinction training, the three unsignaled
shocks could not properly reinstate the differential startle response
from the end of extinction (e12) to the first reinstatement test
trial (CS×Trial: F(1,42)= 1.05, p= 0.31; CS: F(1,42)= 6.20,
p= 0.017, ηp

2
= 0.13). Nevertheless, there was a general increase

in startle amplitude (Trial: F(1,42)= 11.04,p= 0.002,ηp
2
= 0.21).

Re-extinction learning on day 3 did also not diminish differ-
entiation in startle amplitude between CS1 and CS2 (trial r1–
r6; Stimulus×Trial: F < 1.0; Stimulus: F (1,42)= 7.31, p= 0.01,
ηp

2
= 0.15). Again, there was only a decrease in general startle reac-

tivity during re-extinction training (Trial: F(4.23,177.58)= 6.88,
p < 0.001, ηp

2
= 0.14).

SKIN CONDUCTANCE RESPONSE
In line with our previous findings, administration of propra-
nolol HCl prior to memory reactivation did not exert any fear-
reducing effect on skin conductance responding. As can be seen

FIGURE 3 | Startle reflex, skin conductance and US-expectancy ratings
during acquisition (day 1), memory reactivation (day 2), extinction
training, and reinstatement testing (day 3). (A) Successful acquisition for
the fear potentiated startle reflex. Unexpectedly, propranolol HCl
administration prior to memory reactivation did not attenuate the startle
fear response at day 3. The differential startle response remained during
extinction training and reinstatement test. (B) Robust acquisition for SCR.
There was a strong increase in response to the control stimulus (CS2) at the
start of extinction training (day 3). The three reminder shocks did not
reinstate a differential response. (C) The predicted pattern of acquisition,
extinction, and reinstatement for US-expectancy ratings. Error bars
represent standard error to the mean (SEM).

in Figure 3B, differential SCR was observed from trial 1 to trial
8 (Stimulus×Trial: F(7, 259)= 3.37, p= 0.002, ηp

2
= 0.08). In

line with our previous studies, the differential response remained
from the end of acquisition (a8) to the start of extinction train-
ing (e1) (Stimulus: F(1,37)= 4.28, p= 0.046, ηp

2
= 0.10). More-

over, there was a slight differential increase in SCR from the
end of day 1 (a8) to the start of day 3 (e1; Stimulus×Trial:
F(1,37)= 3.80, p= 0.059, ηp

2
= 0.09; Trial: F(1,37)= 16.53,

p < 0.001, ηp
2
= 0.31). As can be seen in Figure 3B, there was a

strong increase to CS2 (t (37)= 4.57, p < 0.001, d = 0.77). Analysis
of extinction training (trial e1–e12) showed a main effect of Stim-
ulus (F(1,37)= 25.38, p < 0.001, ηp

2
= 0.41) and Trial (F(7.32,

270.72)= 5.07, p < 0.001, ηp
2
= 0.12) and a marginally significant

Stimulus by Trial interaction (F(7.16, 265.01)= 2.00, p= 0.054,
ηp

2
= 0.05). The three unsignaled shocks did not reinstate the dif-

ferential SCR (Stimulus: F < 1.0; Trial: F < 1.0; Stimulus×Trial:
F < 1.0).
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US-EXPECTANCY RATINGS
Figure 3C displays the mean US-expectancy ratings for CS1
and CS2 across trials. Differential US-expectancy ratings were
acquired from trial 1 to 8 (Stimulus×Trial: F(7,37)= 97.06,
p < 0.001, ηp

2
= 0.95). Differentiation in US-expectancy ratings

diminished from the end of acquisition (a8) to the start of
extinction training 48 h later (Stimulus×Trial: F (1,43)= 7.51,
p= 0.009,ηp

2
= 0.15). Planned comparisons of Time revealed that

US-expectancy ratings of CS1 remained relatively stable (Trial:
F(1,43)= 3.25, p= 0.078, ηp

2
= 0.07), whereas US-expectancy

ratings of CS2 increased from the end of acquisition to the start
of extinction (Trial: F(1,43)= 7.31, p= 0.01,ηp

2
= 0.15). Analysis

of extinction training showed that there was a strong decrease in
differential US-expectancy rating across trials (trial: e1–e12; Stim-
ulus×Trial: F(11,33)= 12.91, p < 0.001, ηp

2
= 0.81). The three

unsignaled shocks reinstated the expectancy of the US from the
end of extinction training (e12) to the first reinstatement test trial
(Stimulus×Trial: F (1,43)= 21.81, p < 0.001, ηp

2
= 0.34). Fur-

thermore, re-extinction learning diminished the differential US-
expectancy rating (Stimulus×Trial: F(5,39)= 10.39, p < 0.001,
ηp

2
= 0.57).

HIERARCHICAL REGRESSION ANALYSIS
As can be seen in Table 2, we did not identify significant predic-
tors that could explain individual variability in the persistence of
differential startle responding from day 1 (a8) to day 3 (e1). Fur-
thermore, we found no predictors of differential reinstatement at
trial 1 (r1).

DISCUSSION
In sharp contrast to our previous findings, administration of a
single dose of 40 mg propranolol HCl prior to memory reactiva-
tion did not attenuate the emotional expression of fear 24 h later.
It should be noted, however, that the conditioned fear respond-
ing (i.e., startle potentiation and SCR) did also not decline during
extinction training. Given that this study was highly similar to
the experimental condition of our first study on disrupting mem-
ory reconsolidation (Kindt et al., 2009), the current results cannot
simply be explained by differences in experimental set-up, nor
could we identify predictors that were related to the strength of
fear memory retention on day 3. Hence, the current findings are
puzzling and we can only speculate about possible explanations
for the failure to reduce conditioned fear responding.

The current findings clearly indicate that we did not trigger
reconsolidation during memory reactivation, given that the emo-
tional expression of fear was not reduced one day later. It has
been suggested that a prediction error is a prerequisite for mem-
ory reconsolidation, which is triggered by a mismatch between
what is expected and what actually happens (i.e., prediction error)
upon memory retrieval (Pedreira et al., 2004; Forcato et al., 2009,
2010; Lee, 2009; Sevenster et al., 2012, 2013; Díaz-Mataix et al.,
2013). Until recently, the occurrence of prediction error could
only be inferred from the observation of the reconsolidation
process itself. Previously, we have shown the utility of changes
in threat expectancy ratings during memory retrieval as a mea-
sure of prediction error that is independent from the occurrence
of reconsolidation (Sevenster et al., 2013). The experience of a

Table 2 | Results from the hierarchical regression analyses.

Differential fear response

day 1 to day 3

Differential fear response

at reinstatement test

β t β t

Step I

Constant 108.59 <1 −7.13 <1

STAI-T −2.83 (−10.44, 4.79) <1 1.43 (−5.05, 7.92) <1

Step II

Constant 146.66 <1 −28.99 <1

STAI-T −2.26 (−11.82, 7.31) <1 2.89 (−4.99, 10.77) <1

SPQ 4.03 (−6.82, 14.87) <1 5.08 (−14.25, 4.09) 1.12

STAI-S −2.50 (−10.57, 5.57) <1 −1.83 (−8.67, 5.01) <1

Systolic BP −1.31 (−10.72, 8.11) <1 −5.19 (−13.05, 2.67) 1.34

Diastolic BP 2.93 (−5.27, 11.12) <1 −1.66 (−8.41, 5.10) <1

The parameters predicted neither fear retention (day 1 versus day 3) nor the dif-

ferential fear response at reinstatement test. Unstandardized β coefficients (95%

confidence intervals) and t scores are presented.

prediction error upon reactivation critically depends on the inter-
action between the original learning of the fear association and
the memory retrieval. A prediction error may either be triggered
by a non-reinforced retrieval trial (CS/no US) or by a reinforced
retrieval trial (CS/US) depending on the original learning expe-
rience. If memory retrieval follows fully reinforced asymptotic
learning episodes, changes in threat expectations from acquisition
to test reflect a prediction error. But when memory retrieval fol-
lows partially reinforced non-asymptotic learning episodes – such
as in several previous studies on reconsolidation (e.g., Kindt et al.,
2009; Soeter and Kindt, 2010, 2011a, 2012b) – a shift in threat
expectancies is not necessary for post-retrieval plasticity. The cur-
rent experimental procedure was clearly not designed to explicitly
test prediction error driven learning. Therefore, we were unable
to assess prediction error independently from the reconsolidation
process itself.

A possible explanation for the observed resistance to fear reduc-
tion might be a lack of confidence in the CS-US/CS-No US
contingencies during the experimental procedure. Even though
participants in the current study clearly acquired a differential
startle fear response from trial 1 to trial 8, the obtained effect sizes
were much smaller than in most of our previous studies (e.g.,
Kindt et al., 2009; Soeter and Kindt, 2010, 2011b; but, see Sev-
enster et al., 2012)1. Similar to our previous studies, we used a
partial reinforcement schedule during acquisition in which 75%
of the CS1 trials were reinforced. Thus, it remained – at least to
some extent – unpredictable whether the CS was followed by the
US. The absence of extinction learning for the fear potentiated
startle response and SCR suggests that the participants did not

1Note that the current study as well as the study of Sevenster et al. (2012) included
all trials in the analysis, whereas the other studies compared the start versus the end
of acquisition. Nevertheless, re-analysis of acquisition (start versus end) still showed
lower effect sizes (acquisition current study: CS×Trial: F (1,43) = 12.38, p = 0.001,
ηp

2 = 0.22 versus acquisition Kindt et al. (2009): CS×Trial: F (1,38) = 46.91,
p < 0.001, ηp

2 = 0.55).
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learn from the correcting experience, at least not at the emotional
level. The physiological data only showed a non-specific decline of
responding, which can be better explained by habituation instead
of extinction learning. Even though the US-expectancy ratings
showed a general extinction curve, the difference between the
ratings of the fear stimulus (CS1) and control stimulus (CS2)
remained rather large compared to our previous studies (Kindt
et al., 2009; Soeter and Kindt, 2010). This relative resistance to
extinction learning suggests a lack of confidence in the non-
occurrence of threat. Another observation supporting the idea
that our participants did not rely on the experimental procedure
is the unexpected increase in US-expectancy ratings to the con-
trol stimulus from the end of acquisition to the start of extinction
training. This renewed increase in responding to both CS is also
shown in the physiological data. There was a strong increase in
SCR to the control stimulus (CS2) and a general increase in startle
reactivity. This apparent heightened vigilance to the experimen-
tal context was not observed in our previous studies (Kindt et al.,
2009; Soeter and Kindt, 2010, 2011a, 2012a,b; Sevenster et al., 2012,
2013, 2014a).

These differences in the learned contingencies may explain the
current opposing findings. As stated previously, prediction error
is a prerequisite to trigger memory reconsolidation and critically
depends on the interaction between fear acquisition and mem-
ory reactivation (Pedreira et al., 2004; Forcato et al., 2009, 2010;
Lee, 2009; Sevenster et al., 2012, 2013; Díaz-Mataix et al., 2013).
If the participants were indeed less certain of the contingencies,
a single unreinforced retrieval trial may not have been experi-
enced as mismatch. The presentation of the unreinforced CS may
therefore have triggered merely retrieval of the previously formed
fear association as opposed to memory destabilization (Sevenster
et al., 2012, 2013, 2014a). Note that in the study of Sevenster et al.
(2012) a similar experimental procedure with a relatively weak fear
acquisition (i.e., smaller effect size than the other studies) success-
fully triggered memory reconsolidation. Though the fear-reducing
effect at the retention test was clearly smaller (Sevenster et al.,
2012) than in the other reconsolidation studies (Kindt et al., 2009;
Soeter and Kindt, 2010, 2011a, 2012a,b; Sevenster et al., 2013). But
this is only a post hoc explanation for the divergent observations
between the current study and our previous findings (Kindt et al.,
2009; Soeter and Kindt, 2010, 2011a, 2012a,b; Sevenster et al., 2012,
2013, 2014a), as we infer a lack of prediction error from the weaker
contingency learning throughout the experimental phases. Future
studies may benefit from protocols that are explicitly designed to
assess and manipulate prediction error during memory retrieval
to be able to index memory destabilization independently from
the effect of reconsolidation (e.g., Sevenster et al., 2013).

Albeit speculative, the question remains why participants in the
current experiment would not have had confidence in the experi-
mental procedure. We did not find any predictors that may explain
individual differences among participants in the persistence of
conditioned fear responding. It has been proposed that differences
in trait anxiety and genetic polymorphisms partly determine the
effect of disrupting reconsolidation (Agren et al., 2012; Soeter and
Kindt, 2013). It is important to note that high trait anxiety was
not a boundary condition for disrupting memory reconsolidation
and was only related to somewhat less pronounced reduction in

fear, but not to the return of fear after the reminder shocks. Fur-
thermore, if we compare participant characteristics between the
current study and our original study (Kindt et al., 2009), we did
not find any difference in level of trait anxiety, fear of spiders, anx-
iety sensitivity or subjective evaluation of the shock (all t s < 1).
Nevertheless, participants in the current study selected higher
levels of shock intensity (M = 17.91 mA, SD= 9.54) compared
to our original study (M = 13.85 mA, SD= 6.66, t (102)= 2.56,
p= 0.01), but not compared to the study of Soeter and Kindt
(2010) (M = 15.52 mA, SD= 11.0; t (102) < 1), in which a similar
protocol was utilized.

A limitation of the current study is the lack of a placebo control
condition, which obviously precludes drawing firm conclusions
about the observed resistance of fear reduction. We can therefore
not exclude the possibility that propranolol HCl before memory
reactivation may have affected the fear memory 24 h later to some
extent. Because the original objective of the current study was not
to demonstrate another replication of our original finding (Kindt
et al., 2009), we did not include a control condition. Nonethe-
less, the data clearly show that propranolol HCl before memory
reactivation did at least not erase the emotional expression of fear
memory as we have reliably demonstrated in a series of stud-
ies (Kindt et al., 2009; Soeter and Kindt, 2010, 2011a, 2012a,b;
Sevenster et al., 2012, 2013, 2014a)2.

To conclude, fear extinction is a very effective and well-
established strategy to reduce conditioned fear responding but the
fear memory remains available after successful extinction, which
might eventually result in the return of fear (Bouton, 2002). An
alternative strategy to persistently reduce learned fear responding
is disrupting memory reconsolidation with the promise to provide
long-term cure for patients with psychiatric conditions, like PTSD
and drug addiction. Notwithstanding the robustness of these fear-
reducing strategies, we currently showed that the prerequisites for
triggering memory reconsolidation or extinction learning can be
difficult and are not automatically obtained.
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1988). Additionally, we calculated the Bayesian Factor (BF) for two of our previous
studies (Kindt et al., 2009; Soeter and Kindt, 2010) where the same experimental
design for the Propranolol HCl condition was used as in the current study. BF is a
measure for the probability of the data under one hypothesis relative to the other
hypothesis (i.e., null hypothesis versus alternative hypothesis or vice versa). The
BF was calculated for the observed absence (i.e., null result) of a differential startle
response between CS1 and CS2 at the first trials of extinction training at day 3 in
our previous data. We used an online program (http://pcl.missouri.edu) to calculate
the BF as a result of a default Bayesian t -test (for details, see Rouder et al., 2009).
The BF0A favored in both studies the null hypothesis over the alternative hypothesis
(Kindt et al., 2009: BF0A = 2.93; Soeter and Kindt, 2010: BF0A = 2.97).
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