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ABSTRACT – Although disrupting memory reconsolidation is a promising procedure 

to target emotional memories, the conditions under which memory becomes 

labile or remain stable are still unclear. We showed that prediction error (PE) is a 

necessary but not a sufficient condition for memory reconsolidation, since multiple 

PEs prevent memory updating. PE may not only serve as an independent index of 

memory destabilization, but also marks the switch from memory updating to new 

learning. 
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BACKGROUND 

The recent appreciation of memory as a dynamic rather than static process 

inspires new fundamental questions about memory malleability. After the 

formation of associative fear memory, a re-encounter with the feared stimulus can 

lead to various outcomes. Insights in how the system determines whether a 

memory trace should be updated or an additional memory trace should be 

formed is not only essential for our understanding of the fundamentals of learning 

and memory but also for the development of reconsolidation based treatment. 

Prediction error – a mismatch between what is expected based on previous 

experiences and the actual events (Rescorla & Wagner, 1972) – is a necessary 

condition for reconsolidation of human associative fear memory (Sevenster et al., 

2013). Previously we have shown the utility of changes in the expectancy ratings of 

the unconditioned stimulus (US) during presentation of the conditioned stimulus 

(CS) as a measure of PE (Sevenster et al., 2013). This behavioural and non-invasive 

index of PE may indicate whether the original memory trace becomes 

destabilized upon retrieval, independent of the outcome of the reconsolidation 

process itself. It may however be questioned whether PE is a sufficient condition for 

reconsolidation, given that PE is also involved in new learning (e.g. extinction 

learning) (Rescorla & Wagner, 1972). It has indeed been demonstrated that 

extinction training, which involves the formation of a new inhibitory memory trace 

(Bouton, 2002), puts a constraint on reconsolidation (Bos et al., 2012; Eisenberg et 

al., 2003; Lee et al., 2006). During extinction repeated or prolonged unreinforced 

exposure generates multiple PEs, which eventually reduces both threat 

expectancy and fear responding. But the transition from updating of the original 

memory trace to the formation of a new memory trace may already occur long 

before the expression of the inhibitory extinction memory can be observed. Until 

now, the restraint that new learning puts on reconsolidation could only be inferred 

from extinction of the fear behaviour itself. In the current study, we tested whether 

changes in threat expectancy could serve not only as an index of memory 

destabilization, but could also reveal a boundary condition of reconsolidation 

independent from the fear reduction itself. Hereto, we designed a memory 

reactivation protocol that was much more dissimilar from original learning than a 

reconsolidation protocol, such that a reduction in threat expectancy could be 

observed without already extinguishing the fear response. We tested two 

alternative hypotheses to unveil the optimal conditions for memory 

reconsolidation: (1) PE is necessary, but not sufficient: reconsolidation is triggered 
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by a single PE but does not take place when reminder trials (multiple PEs) initiate a 

direct change in threat expectancy while the fear expression itself is not reduced, 

or (2) PE is necessary and sufficient: fear reconsolidation is triggered by a single or 

multiple PEs as long as no change in the target behaviour (i.e., extinction of the 

fear response) is observed during memory retrieval.    

In a human differential fear conditioning paradigm, we created three 

groups in which fear acquisition was partially reinforced (50%, on all even trials). 

Participants were instructed that one of two pictures (CS1) was followed by a 

shock (US) on 50% of the trials, while the other was not (CS2). One day later the 

memory was reactivated with one (no PE, n = 18), two (single PE group, n = 18) or 

four unreinforced reminder trials (multiple PEs group, n = 16), followed by 

administration of the noradrenergic β-blocker propranolol (40 mg). We employed 

the startle fear response as a measure of affective responding, while cognitive 

learning (US-expectancy ratings) functioned as an index of PE-driven learning.  

Similar to our previous studies (Sevenster et al., 2012a, 2013), we expected 

that absence of PE prevents reconsolidation (no PE group), whereas a single PE 

triggers reconsolidation (single PE group). That is, given the reinforcement 

schedule (50%) on day 1, a single reminder trial should not generate PE-driven 

cognitive learning since there is a 50% chance that the CS will be reinforced (or 

not) (no PE group). In contrast, two unreinforced reminder trials should induce a 

single PE and subsequent reconsolidation (single PE group), since reinforcement – 

that is expected on the second trial given the 50% reinforced acquisition – stays 

off. The crucial test however was whether reconsolidation is either prevented or 

triggered by four non-reinforced retrieval trials (multiple PEs group). On day 3, all 

groups underwent an extinction and reinstatement procedure to test the absence 

of fear memory expression (Fig. 1A). We expect that noradrenergic blockade 

disrupts reconsolidation, evidenced by a reduction in differential conditioned 

startle fear responding one day after memory reactivation in the single PE group, 

while propranolol should not affect the startle response in the no PE group. If the 

four reminder trials are already a boundary condition for memory reconsolidation 

(multiple PEs group), the noradrenergic β-blocker propranolol should not affect 

the fear expression. However, if the transition from reconsolidation to extinction 

takes place only after extensive extinction training, propranolol should still interfere 

with the reconsolidation process even after four reminder trials, thereby reducing 

the fear response one day later.  
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Figure 1. (A) Schematic representation of the experimental design. (B) Reinforcement schedule 
of the CS1 during the acquisition, reactivation and the first trials of the extinction phase for the 
experimental groups. US (electrical stimulus) is depicted as a lightning bolt for the no PE group 
(n = 18), the single PE group (n = 18), and the multiple PEs group (n = 16).  
 

RESULTS 

We observed acquisition of US-expectancy ratings (Fig. 2) and startle response 

(Fig. 3) on day 1 in all groups, while the fear acquisition did not differ between the 

groups (see supplementary materials). Note that participants learned that the CS1 

was reinforced every other trial (50% reinforcement rate), resulting in an increase 

from the second-to-last to the last acquisition trial (trials 5 to 6; main effect stimulus, 

F(1, 49) = 14.91, p < .001, η²p = .23) that did not differ between the groups (trial x 

group,  F(2, 49)  <  1).  Crucially,  while  there  was  an  initial  increase  in expectancy  
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Figure 2. Mean US-expectancy ratings to the CS1 and CS2 trials during acquisition, 
reactivation, extinction and reinstatement test for (A) the no PE group (n = 18), (B) the single PE 
group (n = 18), and (C) the multiple PEs group (n = 16). Error bars represent SEM. 
 
 

ratings from the first to the second trial of reactivation in the single PE and multiple 

PEs groups (main effect trial, F(1, 32) = 9.11, p < .005, η²p = .22; trial x group, F < 1), a 

reduction of US-expectancy ratings during reactivation was observed in the 

multiple PEs group (trials 1 to 4; multiple PEs group) (main effect trial, F(1.93, 28.93) = 

8.5, p < .001, η²p = .36).  
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Figure 3. Mean startle response to the CS1, CS2 and NA trials during acquisition, reactivation, 
extinction and reinstatement test for (A) the no PE group (n = 18), (B) the single PE group (n = 
18), and (C) the multiple PEs group (n = 16). Error bars represent SEM. 
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reactivation trials differentially would affect extinction learning on day 3. In line 

with our expectation, the number of reactivation trials (1 vs. 2 vs. 4) differentially 

affected shock expectancy on the first two extinction trials (stimulus x trial x group, 

F(2, 49) = 4.26, p < .02, η²p = .15). On the first trial of extinction differential ratings did 

not differ between the groups (stimulus x group; F(2, 49) < 1.24). Importantly, the 

groups indeed differed on the second trial though this effect approached 

significance  (stimulus x group, F(2, 49) = 3.04, p < .057, η²p = .11). The participants in 

the single PE (stimulus x group, F(1, 34) = 4.37, p < .044, η²p = .11) and in the multiple 

PEs group (stimulus x group, F(1, 32) = 4.39, p < .044, η²p = .12) reported lower threat 

expectancies than the No PE group, while the single PE and multiple PE did not 

differ on the second extinction trial (stimulus x group; F(1, 32) < 1). 

Extinction learning of threat expectancy differed between the groups 

(trial 1 vs. 12; trial x group; F(2, 49) = 3.32, p < .044, η²p = .12). Differential expectancy 

ratings decreased significantly more in the multiple PEs group compared to the no 

PE group (stimulus x trial x group; F(1, 32) = 4.79, p < .036, η²p = .13) and there was a 

trend for more extinction in the multiple PEs group relative to the single PE group 

(stimulus x trial x group; F(1, 32) = 2.84, p < .10, η²p = .08). Finally, there was a near-

significant greater reduction in expectancy ratings during extinction in the single 

PE group compared to the no PE group  (trial x group; F(1, 34) = 3.91, p < .056, η²p = 

.10) (for analyses of reinstatement of threat expectancy see supplementary 

materials). In conclusion, presenting four reminder trials affected extinction 

learning on day 3, while a single reminder presentation did not generate any new 

learning and no effect on extinction learning on day 3 was observed. Note that by 

design the single PE group holds an intermediate position. The observation of more 

extinction in the single PE group relative to the no PE group suggests that two 

unreinforced trials induced more learning relative to the no PE group. Also, more 

extinction in the multiple PEs group relative to the single PE group suggests that the 

four unreinforced trials resulted in most PE-driven learning. Thus, both a single PE 

and multiple PEs induced new learning, whereas the multiple PEs directly reduced 

threat expectancy. Importantly, the fear expression remained intact in all groups, 

evidenced by more startle responding to the CS1 compared to the NA in the No 

PE group (trial 1; main effect stimulus, F(1, 17) = 18.68, p < .001, η²p = .52) (Fig. 3A), 

and no decline in either the single PE group (trials 1-2; main effect stimulus, F(1, 17) = 

26.14, p< .001, η²p = .61; stimulus x trial, F(1, 17) < 1) (Fig. 3B) or the multiple PEs group 

(trials 1-4; main effect stimulus, F(1, 15) = 35.28, p < .001, η²p = .70; stimulus x trial, F(3, 45) 

< 1.16) (Fig. 3C). Note that the groups did not differ in mean differential (CS1 vs. 
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NA) startle responses during reactivation (main effect stimulus, F(1, 49) = 69.43, p < 

.001, η²p = .59; stimulus x group; F(2, 49) < 1).	  

The groups differed though in startle responding on the first trial of 

extinction (stimulus x group, F(2, 49) = 3.32, p < .044, η²p = .12). As expected, 

propranolol completely eliminated differential responding (CS1 vs. CS2) one day 

after memory retrieval in the single PE group (main effect stimulus, F(1, 17) < 1) (Fig. 

3B). In contrast, the fear response was still intact not only when nothing was 

learned during memory retrieval (no PE) (Fig. 3A), but also in the multiple PEs-group 

(Fig. 3C), evidenced by higher startle responding to the CS1 compared to the CS2 

in the no PE and multiple PEs group (main effect stimulus, F(1, 32) = 17.46, p < .001, η²p 

= .35; stimulus x group, F(1, 33) < 1). Given that a difference in startle response 

already appeared on the first trial of extinction, the groups differed over the 

course of extinction learning (trials 1 to 12) (stimulus x group, F(2, 49) = 3.53, p < .037, 

η²p = .13) (follow-up extinction analyses are available in supplementary materials). 

Thus, propranolol did not change the affective expression of the previously formed 

associative fear memory when there was no PE or when multiple PEs reduced 

threat expectancy during memory retrieval (Fig. 3).  

The difference in startle fear responding (CS1 vs. CS2) between the three 

groups on the reinstatement test trial approached significance with a moderate 

effect size (stimulus x group, F(2, 49) = 2.96, p < .061, η²p = .11). Crucially, the 

unexpected USs did not reinstate the startle fear response in the single PE group 

(Fig. 3B), evidenced by an absence of differential startle responding on the test 

trial (main effect stimulus, F(1, 17)  < 1). Follow-up analyses indeed revealed 

significantly less differential responding in the single PE group compared to both 

the no PE (stimulus x group, F(1, 34) = 4.06, p < .05, η²p = .11) and the multiple PEs 

group (stimulus x group, F(1, 32) = 4.83, p < .035, η²p = .13). A return of fear was 

observed in both the no PE (Fig. 3A) and multiple PEs group (Fig. 3C), evidenced 

by significantly more startle responding to the CS1 compared to the CS2 (main 

effect stimulus, F(1, 32) = 10.15, p < .003, η²p = .24; stimulus x group, F(1, 32) < 1) (Fig. 3). 

Thus, noradrenergic blockade neither eliminated nor prevented the return of fear 

when there was no PE-driven learning or when multiple PEs only initiated extinction 

learning during memory retrieval but without an observable fear reduction. Similar 

to US-expectancy, propranolol did not affect the skin conductance response (see 

supplementary materials).  
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DISCUSSION 

Our data show that PE is not only a necessary condition for memory destabilization 

and the consequent reconsolidation but that it also marks a boundary condition. 

In absence of PE the retrieved memory remained intact, while a single PE was 

required for memory destabilization. Reconsolidation was however no longer 

triggered when memory reactivation induced too much new learning (i.e., a 

direct change in threat expectancy). It is important to note that from the fear 

expression itself we cannot infer the underlying process that is ultimately engaged 

by memory reactivation (see also Mamou et al., 2006). In contrast, threat 

expectancy is sensitive to relatively minor changes during memory reactivation, 

which may not only unveil the switch from stability to plasticity but also the switch 

from plasticity to the formation of a new memory trace.  

Given the crucial role for PE as an independent behavioural index for 

these underlying memory processes, an intriguing question is how PE can be 

understood in terms of neuronal processes that finally subserve these differential 

memory processes. Pattern separation, the ability to separate overlapping 

neuronal patterns of activation in distinct representations, may be a plausible 

candidate to understand how minor changes in the environment may no longer 

trigger reconsolidation but initiates the formation of a new memory trace. The 

hippocampal CA1 region has been proposed as a key structure in assessing 

whether the current sensory input that arrives directly from the cortex matches or 

mismatches expectations derived from the internal memory representation (CA3 

region) (Lisman & Grace, 2005; Vinogradova, 2001). Similar to the current findings, 

these neuronal decisions have an all-or-none character, resulting in abrupt 

switches between memory representations. Hence, the process of pattern 

separation could account for a switch from memory updating to new learning.  

In sum, the window of opportunity to target emotional memory with 

amnesic agents is small, since it is preceded and followed by phases that leave 

the original memory unaffected. Even though the fear reducing effects are very 

robust and promising for the development of reconsolidation-based treatments, 

the success of the manipulation depends on subtle differences in the reactivation 

procedure. This poses a real challenge for clinical practice, which can be resolved 

by careful selection of the reactivation parameters. The independent index of PE 

could guide whether an intervention to change maladaptive emotional learning 

has the potential to be effective. 
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Supplementary Material 
 

MATERIALS AND METHODS 

Participants 

Fifty-three (42 male; 11 female) healthy individuals participated in the 

study. Mean age was 21.13 years (SD = 2.75), ranging in age between 18 and 30 

years. All participants were free from any condition contraindicative to the 

administration of 40 mg propranolol (Soeter & Kindt, 2010). Participants received 

either partial course credit or a small amount of money (€ 35,-) for their 

participation. All participants gave informed consent and were notified that they 

could withdraw from participation at any time. The study had full ethical approval. 

Participants were randomly assigned to one of the three groups: no PE (n = 18, 5 

male), single PE (n = 18, 4 male) or multiple PEs (n = 17, 2 male), with the restriction 

that the three groups were matched on spider fear, anxiety sensitivity and trait 

anxiety as was assessed by the Fear of Spiders Questionnaire (FSQ), the Anxiety 

Sensitivity Index (ASI) and the Trait Anxiety Inventory (STAI-T), respectively.  

 

Apparatus 

Stimuli. The conditioned stimuli (CS) consisted of 2 different fear-relevant 

images depicting a spider and a gun (IAPS, nr 1200; 6210). The startle probe, a 40 

ms duration noise burst (104 dB) with a rise/fall time shorter than 1 ms, was 

presented binaurally through headphones. CS duration was 8 s and the startle 

probe was delivered 7 s after CS onset, followed by the US 500 ms later. The US 

consisted of an electrical stimulus (2 ms), determined individually to be 

‘uncomfortable though not painful’. Electrical stimulation was delivered through a 

pair of Ag electrodes of 20 by 25 mm with a fixed inter-electrode mid-distance of 

45 mm. Shock deliverance was controlled by a constant current stimulator. 

Between the electrodes and the skin a conductive gel was applied. Inter-trial 

intervals (ITI) varied from 15 s to 25 s with an average of 20 s. 

Online US-expectancy ratings. US-expectancy was measured online 

during each CS presentation, on an 11-point scale ranging from ‘certainly no 

electric stimulus’ (-5) through ‘uncertain’ (0) to ‘certainly an electric stimulus’ (5). 

The scale was placed at the bottom of the screen below the CS picture. 

Participants rated US-expectancy levels by shifting the cursor on the scale with use 
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of the mouse and confirmed their ratings by pushing the left mouse button within 7 

s following stimulus onset, before the onset of the startle probe. 

Fear potentiated startle. Startle response was measured through 

electromyography (EMG) of the right orbicularis oculi muscle. Two 5-mm Ag/AgCl 

electrodes filled with a conductive gel were positioned approximately 1 cm under 

the pupil and 1 cm below the lateral canthus, respectively; a ground electrode 

was placed on the forehead, 1 cm below the hairline (Blumenthal et al., 2005). The 

EMG signal was sampled at 1000 Hz and amplified in two stages. The input stage 

had an input resistance of 10 MOhm, a frequency response of DC-1500 Hz and an 

amplification factor of 200. A 50 Hz notch filter was used to reduce interference of 

the mains noise. The second stage amplified the signal with a variable 

amplification factor of 0–100 x and integrated the signal. The raw EMG data were 

band-pass filtered (28–500 Hz, Butterworth, 4th order) (Blumenthal et al., 2005) to 

obtain the cleanest possible data without affecting response amplitude. Peak 

blink amplitude was determined in a 30–120 ms interval following probe onset. 

Startle response were recorded with the software program VSSRP98. 

Skin conductance response (SCR). Electrodermal activity was measured 

using an input device with a sine-shaped excitation voltage (1 V peak-peak) of 50 

Hz, which was derived from the mains frequency. Two Ag/AgCl electrodes of 20 

by 16 mm were attached with adhesive tape to the medial phalanges of the first 

and third fingers of the non-preferred hand. The SCR signal was sampled at 1000 

Hz. The signal from the input device was led through a signal-conditioning 

amplifier and the analogue output was digitized at 100 Hz by a 16-bit AD-

converter (National Instruments, NI-6224). Startle response and electrodermal 

activity were recorded with the software program VSSRP98. Phasic electrodermal 

responding to the CS was calculated by subtracting the baseline (mean skin 

conductance level during the 2 s period before stimulus onset) from the maximum 

score, determined at 0.5 s intervals, during the 0 to 7 s window after CS onset (i.e., 

entire-interval response, EIR) (Pineles et al., 2009). This is a well-established 

approach of examining electrodermal reactivity and has been used extensively in 

human psychophysiological research (Milad et al., 2005; Pineles et al., 2009; Raes 

et al., 2011). 

Drug treatment. Propranolol HCl (40 mg) pills were prepared by a 

pharmacy. We measured blood pressure with a cuff attached to the right upper 

arm, using an electronic sphygmomanometer. 
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Subjective assessments. The Fear of Spiders Questionnaire (FSQ) 

(Szymanski & O’Donohue, 1995) was used to assess the degree of spider fear. In 

addition, the Anxiety Sensitivity Index (ASI) (Peterson & Reiss, 1992) was taken to 

assess a subject’s tendency to respond anxiously to the temporary symptoms of 

the use of propranolol (i.e., contraindication). State and trait anxiety were 

measured with the State and Trait Anxiety Inventory (STAI-S/STAI-T) (Spielberger et 

al., 1970) to assess the influence of propranolol on state anxiety and match the 

groups on general level of anxiety, respectively. Evaluation of the US was assessed 

on an 11-point scale ranging from ‘unpleasant’ (-5) to ‘pleasant’ (5) to investigate 

the effect of pill administration on the course of US-evaluation. 

 

Procedure 

The experiment consisted of three testing sessions on consecutive days. 

Each testing session started with startle habituation trials to stabilize baseline startle 

reactivity. Startle probes alone (Noise Alone; NA) were presented in addition to 

the CS presentations to assess baseline startle responding during the experimental 

phases. Throughout all the experimental phases participants rated their US-

expectancies during each CS presentation. Before testing participants were 

screened to be free from any medical or psychiatric condition contraindicative to 

the use of propranolol. Baseline blood pressure and heart rate were measured 

before participants were subjected to a simple exercise test of cardiovascular 

function (1 min two-step test). After completion of the two-step test, HR was 

measured again. Participants whose HR did not increase from pre to post two-step 

test measurement were excluded from further participation. Finally, participants 

filled in the FSQ, ASI, and STAI-T questionnaires and gave written informed consent.  

Fear conditioning. Participants were seated in a chair in front of the 

computer screen (50 cm distance) and the EMG, SCR and US-electrodes were 

attached. Shock intensity was determined individually to be ‘uncomfortable 

though not painful’. Participants were randomly assigned to any of the three 

groups: no PE, single PE, multiple PEs. The procedure started with 10 habituation 

trials to stabilize general startle responding. During acquisition one of the pictures 

(CS1) was half the time paired with the shock (50% reinforcement), whereas the 

other picture was never paired with a shock (CS2). Also, to ensure that participants 

knew that 50% of the CS1 presentations were to be followed by the US, the 

participants were instructed that one of the pictures would be followed by the 

shock on 50% of the trials, whereas the other picture would never be followed by 
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the shock. Acquisition consisted of six presentations of each CS and 6 NA 

presentations. Assignment of the pictures as CS1 or CS2 was counterbalanced 

across participants. Prior to the fear conditioning phase, all participants were 

instructed to rate their US-expectancies within the 7 s following each CS onset by 

moving a cursor on a continuous scale located on the bottom of the screen.  

Memory reactivation. The memory reactivation session took place 24 h 

after fear learning. All participants were told that the same pictures would be 

presented again and they were instructed to remember what they had previously 

learned (i.e., CS-US contingencies). Preceding memory reactivation, 10 startle 

habituation trials were presented to stabilize baseline startle reactivity. The memory 

was reactivated with a single unreinforced (no PE), two unreinforced (single PE) or 

four unreinforced (multiple PEs) CS1 presentations of 8 s. After memory reactivation 

all participants received (blind) an oral dose of propranolol (40 mg). State anxiety 

and blood pressure were measured before and 90 min after pill administration.  

Extinction training and reinstatement test. One day later (day 3) the 

procedure was similar for the three groups. Participants were instructed that the 

same two pictures would be presented again. The instructions did not reveal 

anything regarding the occurrence of the US. The testing session started again 

with 10 startle habituation trials to stabilize baseline startle reactivity. During 

extinction, participants were presented with 12 unreinforced CS1- and 12 CS2- 

trials and 12 NA trials. After extinction learning, three unsignaled reminder shocks 

were administered to the wrist, followed by six unreinforced CS1 and six CS2- trials 

and 6 NA trials to test reinstatement of fear. At the completion of the test phase 

participants evaluated the US.  

 

Data Analysis 

Skin conductance responses were standardized using within-participants Z scores. 

Missing startle values (< 0.055%) were replaced by linear trend at point. US-

expectancy ratings, startle responses and SCR were subjected to a mixed analysis 

of variance for repeated measures (ANOVA) with group (no PE; single PE; multiple 

PEs) as between-subjects factor and stimulus (CS1 vs. CS2; CS1 vs. NA) and trial 

(stimulus presentation) as within-subjects factors. Follow-up analyses were first 

performed with contrasts as between-subjects factor (no PE vs. single PE; no PE vs. 

multiple PEs; single PE vs. multiple PEs) and stimulus (CS1 vs. CS2; CS1 vs. NA) and 

trial (stimulus presentation) as within-subjects factors. Second, if appropriate follow-

up analyses were performed for the no PE, single PE and multiple PEs separately 
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with stimulus (CS1 vs. CS2; CS1 vs. NA) and trial (stimulus presentation) as within-

subjects factors. 

US-intensity, FSQ, ASI and STAI-T scores were subjected to ANOVAs with 

group as between-subjects factor. Mixed ANOVAs with group as between-

subjects factor and moment (day 1 vs. day 3; before vs. after pill administration) as 

within-subjects factors were used to analyse the effect of pill administration on the 

course of US-evaluation, blood pressure, and STAI-S scores. A Greenhouse-Geisser 

procedure was used in case of violation of the sphericity assumption in ANOVAs. 

The alpha level was set at .05 for all statistical analyses. One subject (multiple PE 

group) was excluded from SCR analysis, due to a recording problem of the 

physiological data. Participants (n = 1) who did not show any extinction learning 

during memory reactivation in the multiple PE group were excluded from analyses 

(i.e., an increase in US-expectancy ratings from trials 1 to 4). 

 

RESULTS 

Questionnaires, Evaluations and Blood Pressure  

The groups did not differ in reported US-intensity, US-evaluation, spider fear, anxiety 

sensitivity or trait anxiety (Fs < 1). The individually set shock intensity ranged from 4 

to 36 mA (M = 15, SD = 8.42). There were no differences in the evaluation of the US 

between the groups on either day 1 or day 3 (Fs < 1), indicating that participants 

experienced the US similarly. In addition, we found no differences between the 

groups in the change of state anxiety before and after pill administration (moment 

x group, F(2, 49) < 1.26) (Table 1).  

Finally, analysis revealed no differences in the course of systolic and 

diastolic blood pressure before and after pill intake between the groups (moment 

x group, Fs  < 1.75). Both systolic (main effect  

moment, F(1, 49) = 78.12, p < .001, η²p = .61) and diastolic blood pressure (main effect 

moment; F(1, 49) = 7.22, p < .01, η²p = .13) decreased from the first (before pill intake) 

(t=0) to the second measurement (90 min after pill intake) (t=1) in all groups (Table 

2).  

 

On-line US-expectancy Ratings  

Acquisition. We observed acquisition of differential US-expectancy 

ratings, evidenced by an increase in differential (CS1 vs. CS2) ratings (trials 1 to 6) 

(stimulus x trial, F(3.59, 175.93) = 75.84, p < .001, η²p = .61). The groups did not differ in 

acquisition of  differential US-expectancy  ratings (stimulus x trial x group; stimulus x  
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Table S1. Mean values (SD) of the US-intensity, US-evaluation, reported spider fear (FSQ), 
anxiety sensitivity (ASI), and trait anxiety (STAI-T) for the no PE (n = 18), PE (n = 18), and the 
multiple PE group (n = 16). 
 

 No PE PE Multiple PE 

US-intensity (mA) 15.8 (9.1) 15.4 (9.4) 13.7 (6.7) 

US-evaluation day 1 -2.7 (1.1) -2.8 (1.0) -2.6 (2.0) 

US-evaluation day 3 -2.7 (1.0) -2.4 (1.2) -2.5 (1.6) 

FSQ 31.6 (21.0) 33.1 (26.3) 30.8 (16.2) 

ASI 9.3 (4.2) 10.8 (7.3) 9.5 (4.2) 

STAI-T 38.8 (9.4) 35.9 (9.1) 35.3 (6.6) 

 

 

group, Fs < 1). Note that participants learned that the CS1 was reinforced every 

other trial (50% reinforcement rate), resulting in an increase from the second-to-last 

to the last acquisition trials (trials 5 to 6; main effect stimulus, F(1, 49) = 14.91, p < .001, 

η²p = .23) that did not differ between the groups (trial x group, F(2, 49) < 1). 

Reinstatement test. Delivery of the unexpected USs resulted in 

reinstatement of US-expectancy ratings, evidenced by an increase in differential 

rating from the end of extinction (trial 12) to the beginning of reinstatement test 

(trial 1; stimulus x trial, F(1, 49) = 34.89, p < .001, η²p = .42). Reinstatement of US-

expectancy ratings did not differ between groups (stimulus x trial x group; stimulus 

x group, Fs < 1.02).   

 

Fear Potentiated Startle  

Habituation. There was decrease in startle reactivity over the course of 

habituation (trials 1 to 10) on day 1 (main effect trial, F(6.49, 317.80) = 7.50, p < .001, η²p 

= .13), day 2 (main effect trial, F(6.88, 337.29) = 6.65, p < .001, η²p = .12) and day 3 (main 

effect trial, F(6.43, 315.10) = 7.76, p < .001, η²p = .14). The groups did not differ in startle 

responding over the course of habituation trials on day 1, day 2 and day 3 (trials 1 

to 10; trial x group, Fs < 1.35).  

 



SUPPLEMENTARY MATERIAL – CHAPTER 6 

119 

Table S2. Mean values (SD) of the systolic blood pressure (BP), diastolic blood pressure and 
state anxiety before (t=0) and 90 min after (t=1) pill administration for the no PE (n = 18), PE (n 
= 18), and the multiple PE group (n = 16). 

 
 

Noise Alone trials. The three groups did not differ in startle responding to 

the NA trials during acquisition (trials 1 to 6), extinction (trials 1 to 12) and test (trials 

1 to 6) (trial x group, Fs < 1).  

Fear conditioning. There was successful fear conditioning on day 1, 

evidenced by an increase in differential (CS1 vs. CS2) startle responding (trials 1 to 

6) (stimulus x trial, F(5, 245) = 5.34, p < .001, η²p = .10). The groups did not differ in 

acquisition of differential startle responding (stimulus x trial x group; stimulus x 

group, Fs < 1.56). 

Memory reactivation. Analysis of the startle fear response on day 2 

revealed stronger responding to the first reminder trial compared to the NA trial 

(main effect stimulus, F(1, 49) = 22.97, p < .001, η²p = .32), which did not differ 

between the three groups (stimulus x group, F(2, 49) < 1.35). Furthermore, we 

observed stronger responding to the first and second reminder trial compared to 

the NA trials in the PE and multiple PE groups (main effect stimulus, F(1, 32) = 34.77, p 

< .001, η²p = .52; stimulus x trial x group; stimulus x group, Fs < 1.16). Thus, startle 

responding remained stable on day 2 and did not mirror the pattern observed in 

US-expectancy ratings.  

Extinction. Because differential responding was already eliminated in the 

PE group at the first extinction trial, no further extinction learning (trials 1 to 12) of 

differential startle responding (CS1 vs. CS2) could be observed on day 3 (main 

effect stimulus; stimulus x trial, Fs < 1.55). Similar to the first trial of extinction, there 

was no differential responding at the last trial of extinction (trial 12) (main effect 

stimulus, F(1, 17) < 1.54). Extinction learning did not significantly eliminate differential 

 No PE  PE  Multiple PE 
 t=0 t=1  t=0 t=1  t=0 t=1 

Systolic BP 
113.9 
(13.1) 

99.6 
(12.2) 

 
111.4 
(10.8) 

97.8 
(11.8) 

 
110.6 
(16.0) 

102.2 
(18.1) 

Diastolic 
BP 

68.0 
(8.3) 

65.3 
(8.7) 

 
70.0 
(7.4) 

66.1 
(8.0) 

 
69.5 

(14.0) 
68.1 

(15.7) 

STAI-S 
33.8 
(6.9) 

32.6 
(9.9) 

 
33.1 
(8.6) 

29.22 
(6.4) 

 
33.7 
(6.4) 

31.4 
(7.2) 
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responding in the No PE and multiple PE groups over the course of extinction 

training (trials 1 to 12) (stimulus x trial, F(11, 352) < 1.10). However, when comparing 

the first to the last extinction trial differential startle responding did slightly decrease 

(trial 1 vs. trial 12) in these groups (stimulus x trial, F(1, 32) = 3.64, p < .065, η²p = .10; 

stimulus x trial x group; stimulus x group, Fs < 1). Additionally, opposed to the first 

trial of extinction, differential responding was gone at the last trial of extinction in 

the no PE and multiple PEs groups (trial 12) (main effect stimulus, F(1, 32) < 1.36; 

stimulus x group, F(1, 33) < 1). Note that noradrenergic blockade did not impair 

extinction consolidation of the startle response (multiple PEs group). This is in line 

with previous findings that propranolol does not affect extinction when 

administered systemically (Cain et al., 2004; Bos et al; Rodriguez-Romaguera et al., 

2009) but disrupts extinction when infused locally (Mueller et al., 2008). 

Alternatively, while procedurally an extinction session, the session consisting of four 

reminder trials on day 2 was too short to establish startle extinction. Although the 

session was long enough to prevent reconsolidation it might have been too short 

for extinction consolidation, explaining the lack of an effect of propranolol. 

 

Skin Conductance Response 

Acquisition. Analysis revealed evidence for fear conditioning of 

electrodermal responding in all three conditions with higher SCR to the CS1 

compared to the CS2 on day 1 (trials 1 to 6) (main effect stimulus, F(1, 48) = 83.24, p 

< .001, η²p = .63). Due to differential responding (CS1 vs. CS2) on the first trial of 

acquisition (main effect stimulus, F(1, 48) = 7.71, p < .008, η²p = .14), there was no 

increase in differential responding over the course of acquisition (trials 1 to 6) 

(stimulus x trial, F(4.01, 192.42)  < 1.11). However, we did observe a near-significant 

increase in differential responding from the second to the last trial (trial 6) (stimulus 

x trial, F(1, 48) = 3.70, p < .06, η²p = .07), with no difference in acquisition between the 

groups (stimulus x group; stimulus x trial x group, Fs < 1) (Fig. S1). 

Reactivation. Contrary to US-expectancy there was a decrease in SCR to 

the CS1 from the first to the second trial of reactivation in both the PE and multiple 

PE groups (main effect trial, F(1, 31) = 5.28, p < .029, η²p = .15; trial x group, F(1, 31) < 1). 

In line with the US-expectancies, electrodermal responding near-significantly 

decreased when reactivation consisted of four unreinforced reminder trials 

(multiple PE group) (trials 1-4; main effect trial, F(3, 42) = 2.47, p < .075, η²p = .15) (Fig. 

S1). 
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Figure S1. Mean skin conductance response to the CS1 and CS2 trials during acquisition, 
reactivation, extinction and reinstatement test for (A) the no PE group (n = 18), (B) the single PE 
group (n = 18), and (C) the multiple PEs group (n = 16). Error bars represent SEM. 
 

 

Extinction. There was successful extinction learning of SCR, evidenced by 

a decrease in differential responding over the course of extinction training in the 

three groups (stimulus x trial, F(7.82, 375.42) = 2.74, p < .006, η²p = .05; stimulus x group; 

stimulus x trial x group, Fs < 2.08).  While  we observed  no differential responding on  

No PE

Sk
in

 C
on

du
ct

an
ce

 R
es

po
ns

e

Acquisition Reactivation Extinction Test

USs

A

1 2 3 4 5 6 1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6

−1

−0.5

0

0.5

1

1.5

CS1 CS2

Single PE

Sk
in

 C
on

du
ct

an
ce

 R
es

po
ns

e

Acquisition Reactivation Extinction Test

USs

B  

1 2 3 4 5 6 1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6

−1

−0.5

0

0.5

1

1.5

CS1 CS2

Multiple PEs

Sk
in

 C
on

du
ct

an
ce

 R
es

po
ns

e

Acquisition Reactivation Extinction Test

USs

C  

1 2 3 4 5 6 1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6

−1

−0.5

0

0.5

1

1.5

CS1 CS2



MULTIPLE PREDICTION ERRORS 
	  
	  

122 

the first trial of extinction (main effect stimulus; stimulus x group, Fs < 1), higher 

responding to the CS1 compared to the CS2 was present when we analysed the 

first block (trials 1-2) of extinction (main effect stimulus, F(1, 48) = 8.99, p < .004, η²p = 

.16; stimulus x group, F(2, 48) < 1). At the end of extinction (trial 12) the groups 

differed in differential SCR (stimulus x group, F(2, 48) = 4.07, p < .023, η²p = .15). 

Differential responding was extinguished in the multiple PE groups (main effect 

stimulus; stimulus x group, F(1, 14)  < 1), whereas differential responding was still 

present in the no PE group and PE groups (main effect stimulus, F(1, 34) = 8.82, p < 

.005, η²p = .21). Hence, the more unreinforced trials on testing day 2, the stronger 

the extinction at the end of extinction one day later (Fig. S1).  

Reinstatement test. We observed reinstatement of differential responding 

on the first test trial evidenced by higher responding to the CS1 compared to the 

CS2 (main effect stimulus, F(1, 48) = 6.46, p < .014, η²p = .12. The three groups did not 

differ in reinstatement of SCR (stimulus x group, F(2, 48) < 1) (Fig. S1). In sum, similar to 

the US-expectancy ratings propranolol did not affect SCR. However, contrary to 

the US-expectancy ratings SCR does not track PE driven learning. Hence, SCR is 

not a good indicator of the underlying process engaged by memory retrieval. 

 

 

 


