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The notion that memories go through an initial labile, sensitive phase before being 

consolidated into stable long-term memory is well embedded in psychological 

and neurobiological models of memory (Dudai, 2004; McGaugh, 2000; Schafe & 

LeDoux, 2000). Exciting recent insights show that the retrieval of a consolidated 

memory can return it to a plastic state, and as a result the retrieved memory can 

be modified, strengthened, or even disrupted (Kindt, Soeter, & Vervliet, 2009; 

Nader, Schafe, & Le Doux, 2000). This phenomenon, referred to as reconsolidation, 

is considered crucial for the understanding of memory plasticity and, uniquely, 

offers the possibility to target the excessive emotional memory that comes with 

anxiety disorders. However, the circumstances under which memory reactivation 

effectively induces reconsolidation remain to be elucidated. Also, little is known 

about the adaptive function of the reconsolidation process. It has been suggested 

that the reconsolidation phase might enable the updating of a consolidated 

memory trace. Yet, experimental evidence that reconsolidation acts as an 

updating mechanism is scarce in the animal literature (Lee, 2008; Morris et al., 

2006; Pedreira, Pérez-Cuesta, & Maldonado, 2004), and is even lacking for human 

fear memory. In the present dissertation, the functional role of reconsolidation is 

examined to gain further insights in the fundamentals of learning and memory, 

which ultimately will guide the development of reconsolidation-based 

interventions for anxiety disorders. 

 

Experimental model for fear learning and fear reduction 

Two events can become associated, when they occur closely together. If one 

event produces fear, the other event will bring fear as well. Pavlov, whose name is 

now practically a synonym for conditioned responding, formalized this process of 

associative learning. While his research mainly focused on classical conditioning of 

canine salivary reflexes, the principal is the same for conditioning of fear 

responses. During fear conditioning, an initially neutral or ambiguous conditioned 

stimulus (CS: e.g., a tone or picture) is paired with an aversive outcome or 

unconditioned stimulus (US: e.g., electric shock). As a result, the CS becomes 

associated with the US, and subsequent presentations of the CS elicit conditioned 

responses (CR) (Pavlov, 1927), such as increases in heart rate, stronger startle 

potentiation and freezing.  

 After its acquisition, the expression of learned fear can be diminished by 

means of extinction learning, the repeated presentation of the CS without the 

aversive consequence (Bouton & Bolles, 1979; Rescorla, 2001). While it can 
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successfully reduce conditioned fear responding, extinction is a fragile learning 

process. A large amount of studies show that in a number of situations fear 

responding can re-emerge. Examples of such situations are the unsignaled 

presentation of the aversive event (reinstatement), the mere passage of time 

(spontaneous recovery), or a context change after extinction (renewal). Based on 

these findings it is concluded that extinction does not erase the original fear 

memory. Instead, extinction learning involves the formation of an inhibitory 

memory trace that competes with the original fear memory but leaves the original 

fear memory intact (Bouton, 1993, 2002). The finding that long-term memory for 

fear extinction requires protein synthesis in the medial prefrontal cortex (mPFC) 

(Santini, Ge, Ren, Peña de Ortiz, & Quirk, 2004), a structure considered essential for 

extinction consolidation and extinction recall (Herry & Garcia, 2002; Morgan, 

Romanski, & LeDoux, 1993), supports the idea that during extinction, an additional 

memory trace is formed.  

Extinction training is the dominant experimental model for current 

cognitive behavioural therapies, which are considered to be the most effective 

treatments for anxiety disorders (Craske, 1999). A central element in these 

therapies is the imaginary or in vivo exposure to the feared object. Similar to 

extinction learning, therapy does not rewrite the original fear memory but installs 

an additional inhibitory memory. Preservation of the fear memory explains the high 

rates of relapse after successful therapy (Craske, 1999). Pharmacological 

enhancement of the inhibitory memory trace has been proposed to improve the 

efficacy of exposure-based psychotherapies (Norberg, Krystal, & Tolin, 2008). 

However, such treatment would only strengthen the inhibitory extinction memory 

but still leave the original fear memory intact. To achieve more permanent effects 

of therapy, we should be able to eliminate the root of anxiety disorders.  

 

Retrieval-induced memory plasticity  

In the 1960s and 1970s, animal studies on post-consolidation memory plasticity 

showed that a consolidated memory is less stable than previously assumed (Lewis, 

1979; Misanin, Miller, & Lewis, 1968). These findings were somewhat pushed under 

the rug, since the field of learning and memory was dominated by consolidation 

dogma. Consolidation is the process by which newly learned information is 

transferred into a stable long-term memory (LTM). The classic consolidation 

hypothesis implies that a memory trace becomes resistant to manipulation once 

protein synthesis-dependent consolidation is over (Fig. 1A). This is supported by the 
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finding that infusions of a protein synthesis inhibitor in the amygdala ― a site that is 

considered to be essential for fear learning (Davis & Lang, 2003; LeDoux, 2003) ― 

produced long-term fear amnesia when administered immediately after fear 

learning but not after a 6h delay (Schafe & LeDoux, 2000). 

 

Figure 1. Schematic models of memory states and stability over time. (A) According to 
traditional views, once memory is stabilized via consolidation mechanisms, it remains 
permanently. (B) Recent insights show that memory is not necessarily permanent but can 
become active upon retrieval of the memory. Based on the model of Dudai (2009). 

 

 

The demonstration that memory is transiently dependent on protein 

synthesis for stability, not only after consolidation but also after its retrieval, marked 

the renaissance of the phenomenon of reconsolidation (Nader et al., 2000). In this 

landmark study, a consolidated fear memory was reactivated, followed by 

administration of a protein synthesis inhibitor. Noticeably, short-term fear memory 

was still intact 4 h after memory reactivation, but the long-term expression of fear 

(24 h) was erased (Nader et al., 2000). These findings strongly support the original 

suggestion that reactivation of a consolidated memory can return it to a labile 

state. This signalled a radical shift in the perspective on memory, which is presently 

appreciated as a dynamic rather than a static process (Fig 1B). 
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combination with memory reactivation. Propranolol, which is supposed to 

specifically block the noradrenergic receptors of the basolateral amygdala, 

administered before or after reactivation of a previously conditioned fear 

memory, erased the long-term fear expression. In contrast, the declarative 

memory or the factual knowledge of the “trauma” survived, suggesting that only 

the emotional component of the fear memory was affected (Kindt et al., 2009; 

Soeter & Kindt, 2010, 2011a, 2012). Importantly, it was shown that disruption of the 

fear memory requires active retrieval, as propranolol did not have any fear 

reducing effects in absence of a reminder cue. Later studies showed that the 

amnesic effects of propranolol were long lasting (i.e., up to a month after fear 

learning) and could also be accomplished in strong fear memories (Soeter & Kindt, 

2010, 2011b). These findings are of tremendous importance for the development 

of reconsolidation-based treatments of anxiety disorders.  

Note that in animal studies, the amnesic agents can directly inhibit 

protein synthesis by preventing the translation of mRNA into proteins (Fig. 2). 

Furthermore, the amnesic agent can be infused straight into the brain. In human 

research, neither the use of protein synthesis inhibitors nor local infusions are 

feasible. Contrary to protein synthesis inhibitors, propranolol does not directly 

disrupt the translation of mRNA in proteins. However, noradrenergic inhibition of 

the protein kinase A (PKA) signalling pathway does indirectly disturb new protein 

synthesis. The PKA pathway is involved in reconsolidation of fear memories, since 

fear memory reactivation followed by PKA inhibition in the amygdala disrupts the 

long-term fear expression (Tronson, Wiseman, Olausson, & Taylor, 2006). 

Noradrenergically innervated PKA signalling triggers the transcriptional activator 

cAMP response element-binding protein (CREB) (Purves et al., 2012), while CREB-

driven transcription of DNA in mRNA results in the synthesis of new proteins (Fig. 2). 

Thus, indirect inhibition of the PKA pathway by noradrenergic blockade should 

ultimately affect new protein synthesis. 

 

Constraints on reconsolidation 

Although the phenomenon of reconsolidation has been demonstrated in various 

memory tasks across a variety of species (rats, mice, crabs, bees, humans), it was 

noted that memory reactivation does not automatically result in its destabilization. 

Instead, the induction of reconsolidation seemed to depend on specific 

parameters. Circumstances under which a memory that normally would become 

labile is resistant to manipulation are referred to as boundary conditions. Several 
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boundary conditions were proposed, such as age and strength of the memory 

(Suzuki et al., 2004), extinction consolidation (Bos, Beckers, & Kindt, 2012; Eisenberg, 

Kobilo, Berman, & Dudai, 2003; Lee, Everitt, & Thomas, 2004; Lee, Milton, & Everitt, 

2006), and indirect memory reactivation (Dębiec, Doyère, Nader, & LeDoux, 2006).  

 

 
Figure 2. Molecular mechanisms of fear memory reconsolidation. Protein synthesis inhibitors 
directly disrupt the translation of mRNA in new proteins in the cell. Stimulation of the β-
adrenergic receptors (β-AR) results in activation of protein kinase A (PKA) to activate 
transcription factors including cAMP response element-binding protein (CREB). CREB activation 
initiates transcription in mRNA, which ultimately results in new protein synthesis. Propranolol 
disrupts this downstream molecular signalling cascade. 
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information presented during memory retrieval in the existing memory trace. 

Hence, reconsolidation should only be induced upon presentation of significant 

novel information to maintain memory relevance in a dynamic ever-changing 

environment (Dudai, 2009; Lee, 2009). In theory, all memories should be able to 

reconsolidate as long as the retrieval procedure contains relevant information. 

Indeed, a preliminary study on crabs suggests that the absence of new learning 

during memory retrieval is a restraint on reconsolidation. The crabs were 

extensively fear conditioned on the first day (i.e., multiple CS-US trials). 

Administration of a protein synthesis inhibitor following memory reactivation on 

day 2 did not disrupt reconsolidation when the memory was reactivated with a 

reinforced reminder trial (i.e., a CS-US trial). However, memory reactivation with an 

unreinforced reminder trial (i.e., CS-noUS trial) resulted in long-term erasure of 

fearful responding (Pedreira et al., 2004). To omit presentation of the aversive 

consequence was in this case sufficient to destabilize the memory. These findings 

were interpreted as consistent with the hypothesis that the reminder trial should 

contain new information with regard to the original learning in order to update the 

memory.  

Null results (absence of amnesia) do not necessarily imply that a given 

memory reactivation procedure is incapable of triggering reconsolidation. For 

example, in contrast to the findings by Pedreira et al. (2004), Lee (2008) showed 

that absence of reinforcement is not a boundary condition to reconsolidation per 

se. After a single CS-US acquisition trial, a reinforced reminder trial the next day 

increased subsequent memory strength. The strengthening of the previously 

formed memory trace relied on reconsolidation mechanisms. Thus, when a weakly 

trained animal receives a reinforced memory retrieval trial, reconsolidation is 

engaged (Lee, 2008). In contrast, a similar procedure does not result in memory 

updating in strongly trained animals (Pedreira et al., 2004). The interaction 

between the learning history and the reactivation procedure seems to be critical 

for memory updating.  

It is important to note that new information during memory reactivation 

could not only result in effective destabilization, but could alternatively initiate the 

formation of a new memory trace. For example, prolonged or repeated memory 

retrieval triggers inhibitory learning (extinction learning), thereby preventing 

reconsolidation (Bos et al., 2012; Eisenberg et al., 2003; Lee et al., 2006). Thus, 

memory destabilization requires a certain amount of task-related novelty. This 

raises a serious problem for empirical falsifiability. How is the optimal amount of 
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new learning determined, such that memory destabilization but not additional 

new learning is engaged by memory retrieval? Successful destabilization is 

typically inferred from testing the sensitivity of a reconsolidation-disrupting agent 

under a certain set of experimental parameters. If the procedure fails to reduce 

the behavioural expression, it is concluded that under those conditions, updating 

does not take place. Since the number of reactivation protocols is infinite, it can 

never be ruled out that under slightly different reactivation conditions, memory 

might be destabilized. It is therefore crucial that we provide a measure of memory 

destabilization that is independent of the occurrence of reconsolidation itself. This 

index should provide a guide as to whether reactivation engages memory 

updating and renders the memory sensitive to disruption. From a clinical point of 

view, the development of such an index is of great importance since it might 

indicate whether a reactivation procedure has the potential to be effective or 

not. 

 

Cognitive versus affective fear learning 

Propranolol administered after memory reactivation reduces long-term startle 

potentiation but leaves the skin conductance response (SCR) and threat 

expectancy unaffected (Kindt et al., 2009; Soeter & Kindt, 2010, 2011b). These 

findings indicate that while propranolol eliminates the emotional component of 

fear one day after memory reactivation, declarative memory remains intact. In 

other words, the emotional response that previously accompanied the encounter 

with the feared object is not there anymore, and only the memory of the factual 

events remains. The fear potentiated startle reflects the emotional component of 

fear learning. Extensive work on the startle response indicates that it is an 

amygdala-initiated reflex. Given that potentiation of the startle reflex is an index of 

activation of the subcortical defensive system, the startle response is considered a 

specific measure of fear (Davis, 1992, 2006). The cognitive component of fear 

learning is reflected by US-expectancy ratings. Individuals learn under which 

circumstances a certain stimulus predicts an aversive event. In conditioning 

research, participants are instructed to rate to what amount they expect the CS to 

be followed by the US, resulting in a trial-by-trial evolution of their expectancies. 

This type of simple factual knowledge is known to rely on the hippocampal 

complex (Hunsaker & Kesner, 2013). To what extent the skin conductance 

response, a commonly used measure of conditioned responding, reflects the 

emotional or cognitive component is currently under debate. Although less 
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intensively studied, it is known that SCR is due to fluctuations in sweat gland 

activity, resulting from the release of acetylcholine by the sympathetic nervous 

system (Boucsein, 1992; Wang, 1964).  

The finding that the startle response and US-expectancy ratings can 

dissociate suggests that cognitive and emotional learning stem from multiple 

underlying systems (Baeyens, Eelen, & Crombez, 1995; Hamm & Weike, 2005). This 

is, however, opposed by theories advocating that both expectancy and 

emotional learning arise from a single common mechanism (Mitchell, Houwer, & 

Lovibond, 2009). In conclusion, there is a debate on (1) whether SCR reflects the 

cognitive or emotional component of fear learning and (2) whether these two 

components rely on a similar mechanism. The observation that propranolol only 

targets affective responding but not the factual knowledge of the events is very 

promising from a clinical point of view. Patients maintain the ability to recall the 

traumatic incident but are no longer haunted by events from the past. Therefore, 

it is important to fully understand the underlying mechanisms of the different 

response systems measured during fear conditioning.  

 

Outline of the thesis 

The aim of the current thesis is two-fold. First, since previous studies show a 

differential effect of propranolol on the cognitive and emotional component of 

fear learning, we further investigate this dissociation between response systems. 

Second, the central aim of the thesis is to investigate the role of reconsolidation in 

memory updating. If reconsolidation enables memories to be updated, its 

induction should be restricted to retrieval conditions that allow updating of the 

original memory. To address these issues, we conducted fear conditioning studies 

in healthy human participants. We measured both psychophysiological (startle 

response and SCR) and subjectively experienced conditioned responses.  

 This thesis comprises two sections. Before addressing the functional role of 

reconsolidation, we try to elucidate the dissociation between the cognitive and 

emotional component of fear learning in the first section (Chapters 2 and 3). To 

gain more insight into the mechanisms underlying fear learning is of special 

importance, since previous studies showed a dissociation in the effect of 

propranolol on the different conditioned responses involved in fear learning. In 

Chapter 2, we test whether fear acquisition could be observed in a differential 

paradigm with difficult-to-discriminate CSs. If the startle reflex is an automatic 

index of fear, it may not require the conscious acquisition of contingency 
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knowledge. In contrast, if SCR is a measure of anticipatory arousal, electrodermal 

conditioning should be observed only when participants are aware of the CS-US 

contingencies. Next, we investigate in Chapter 3 the effect of a simple verbal 

instruction that the CSs will no longer be followed by the aversive US one day after 

fear acquisition, on the cognitive and emotional components of fear memory. If 

the startle reflex is an automatic index of fear, this cognitive manipulation should 

reduce US-expectancy ratings but not the startle fear response. If SCR is indeed a 

measure of cognitive responding, it should mirror the US-expectancy ratings. We 

expect that manipulations of contingency awareness (Chapter 2 and 3) might 

reveal a dissociation between the cognitive and emotional components of fear 

learning.  

 The second section (Chapters 4, 5 and 6) focuses on the updating of 

human fear memory. In Chapter 4 we test whether absence of any new learning 

during memory retrieval prevents reconsolidation. When the retrieval conditions 

are perfectly predictable, new learning should not take place. Then, there should 

be no need for memory updating, leaving the fear memory trace unaltered. Next, 

in Chapter 5, we investigate whether new learning is required for reconsolidation. 

Reconsolidation should only occur when memory retrieval contains new learning, 

in order to update the memory. Finally, in Chapter 6, we investigate the transition 

from memory updating to new learning. Memory updating should be prevented 

by too much new learning. 
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ABSTRACT – There is conflicting evidence as to whether awareness is required for 

conditioning of the skin conductance response (SCR). Recently, Schultz and 

Helmstetter (2010) reported SCR conditioning in contingency unaware participants 

by using difficult to discriminate stimuli. These findings are in stark contrast with 

other observations in human fear conditioning research, showing that SCR 

predominantly reflects the cognitive component of fear learning. Therefore, we 

repeated the study by Schultz and Helmstetter and additionally measured 

conditioning of the startle response, which seems to be less sensitive to declarative 

knowledge. Conditioning of SCR took place in aware (n = 16) but not in unaware 

participants (n = 18), while startle conditioning occurred irrespective of awareness. 

Thus, SCR but not startle conditioning depends on conscious discriminative fear 

learning. Although valuable in conditioning research, SCR is not a specific index of 

fear. 
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BACKGROUND 

There is a long-standing debate whether fear learning can occur without 

awareness of the relationship between the conditioned stimulus (CS) and the 

unconditioned stimulus (US). Some studies showed that conditioned skin 

conductance response (SCR) can take place in absence of contingency 

awareness (Bechara et al., 1995; Esteves, Parra, Dimberg, & Öhman, 1994; Knight, 

Nguyen, & Bandettini, 2003, 2006). However, other studies showed that SCR 

conditioning can only be observed in parallel with the conscious expectancy of 

the CS to be followed by the US (Dawson & Biferno, 1973; Dawson & Furedy, 1976; 

Hamm & Vaitl, 1996; Hamm & Weike, 2005; Lovibond & Shanks, 2002; Purkis & Lipp, 

2001; Weike, Schupp, & Hamm, 2007). Importantly, under conditions that prevent 

both awareness and conditioned SCR responding, conditioned startle 

potentiation could still be observed (Hamm & Vaitl, 1996; Weike et al., 2005, 

2007).  

The fear potentiated startle response is an automatic defensive reflex and 

therefore generally accepted to reflect the emotional component of fear learning 

(LeDoux, 2003; Walker & Davis, 2002). In contrast, the nature of SCR responding is 

under debate. In addition to the studies that show that SCR conditioning requires 

contingency learning (Dawson & Biferno, 1973; Dawson & Furedy, 1976; Hamm & 

Vaitl, 1996; Hamm & Weike, 2005; Lovibond & Shanks, 2002; Purkis & Lipp, 2001; 

Weike et al., 2005, 2007), both pharmacological and cognitive manipulations 

revealed that SCR is strongly related to expectancy learning. That is, propranolol 

administered before or after fear memory reactivation left both expectancy and 

SCR responding intact but reduced the startle response (Sevenster, Beckers, & 

Kindt, 2012a; Soeter & Kindt, 2010, 2011a). Moreover, the simple instruction that the 

CS would no longer be followed by the US eliminated both differential US-

expectancy ratings and SCR (Hugdahl & Öhman, 1977; Hugdahl, 1978; Lipp & 

Edwards, 2002; Sevenster, Beckers, & Kindt, 2012b) but not the startle fear response 

(Sevenster et al., 2012b). Hence, SCR responding appears to mirror expectancy 

beliefs (see also Lovibond, 2004), whereas the startle response can act 

independent from cognitive knowledge. These findings suggest that 1) the 

emotional and cognitive expression of fear conditioning are subserved by 

different underlying systems, supporting a dual processing system of fear learning 

(Baeyens et al., 1995; Hamm & Weike, 2005) and 2) like US-expectancies, SCR 

reflects the cognitive level of fear conditioning whereas fear potentiated startle 

responding reflects the emotional component of fear conditioning. In sum, there is 
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conflicting evidence on the relation between contingency learning and SCR. One 

line of evidence shows that SCR does not require expectancy learning (Bechara 

et al., 1995; Esteves et al., 1994; Knight et al., 2003, 2006), while other evidence 

shows that SCR conditioning requires conscious knowledge of the contingencies 

(Dawson & Biferno, 1973; Dawson & Furedy, 1976; Hamm & Vaitl, 1996; Hamm & 

Weike, 2005; Lovibond & Shanks, 2002; Lovibond, 2004; Purkis & Lipp, 2001; Weike et 

al., 2005, 2007). Most evidence that SCR dissociates from expectancy learning 

comes from studies using a distractor task or subliminal presentation of the stimuli. 

By using these tasks it is hard to ascertain whether participants are completely 

unaware of the contingency. 

 Recent findings are in line with previous studies showing that SCR does not 

depend on expectancy learning but counteract the observed correspondence 

between contingency learning and SCR responding. Schultz and Helmstetter 

(2010) manipulated contingency awareness by constructing pairs of stimuli (CS+ 

and CS-) that were either easy or difficult to discriminate (see Fig. 1). US-

expectancy and SCR were registered concurrently during the conditioning session. 

Differential US-expectancy ratings were observed in the easy but not in the difficult 

condition, whereas differential SCR was observed in both the easy and difficult 

discrimination condition. These findings indeed suggest that SCR conditioning does 

not depend on contingency awareness.  

The dissociation between expectancy learning and SCR conditioning 

observed by Schultz and Helmstetter (2010) is remarkable in the light of the strong 

convergence between expectancy learning and SCR conditioning that is 

observed in other labs (Hamm & Vaitl, 1996; Lovibond, 2003; Sevenster et al., 

2012b; Sevenster, Beckers, & Kindt, 2013; Soeter & Kindt, 2010; Weike et al., 2005, 

2007). One explanation may be that the manipulations employed in these 

previous studies are simply not appropriate for dissociating the two conditioned 

responses. Alternatively, studies that do not find SCR conditioning among unaware 

participants often use post-conditioning questionnaires (Hamm & Vaitl, 1996; 

Weike et al., 2005, 2007). Retrospective ratings of awareness are susceptible to 

forgetting or interference and may be insensitive to subtle discrimination of the CSs 

(Knight, Nguyen, & Bandettini, 2003; Smith, Clark, Manns, & Squire, 2005). The 

concurrent measurements of US-expectancy ratings and psychophysiological 

conditioned responding ― a strong feature of the study by Schultz and Helmstetter 

(2010) ― clearly overcomes this limitation. However, a shortcoming of the study by 

Schultz and Helmstetter (2010) is that more than half of the participants who are 
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meant to be unaware of the learned association (difficult discrimination condition) 

actually demonstrated a certain degree of awareness of the CS-US contingencies. 

That is, a more tolerant criterion for contingency awareness revealed that more 

than half of the remaining, supposedly unaware participants (6 out of 10) 

approach contingency awareness in the difficult discrimination condition. The 

follow-up analyses showed that the six aware and the four unaware participants 

did not differ in SCR conditioning; it was therefore concluded that the results are 

not confounded by the participants' contingency awareness. However, the small 

sample sizes (n = 4 vs. n = 6) make the observation of a significant difference 

between those two groups unlikely.  

To further investigate the role of awareness in conditioned responding, we 

repeated the study by Schultz and Helmstetter (2010). We increased sample sizes 

to allow investigation of differential SCR in participants who unintentionally 

acquired a certain degree of awareness and participants who were strictly 

unaware within the difficult condition. We expected differential SCR both in the 

easy condition and in participants who showed some contingency awareness in 

the difficult condition. Given the previously observed dissociation between the 

cognitive (US-expectancy learning) and the emotional component (fear 

potentiated startle) of associative fear learning, we additionally tested whether 

conditioning of the startle response would occur irrespective of contingency 

awareness. Finally, following a recent replication study where trial sequence in 

fact explained unaware SCR conditioning (Singh, Dawson, Schell, Courtney, & 

Payne, 2013), we additionally explored the effect of predictable stimulus 

presentation on SCR and startle conditioning.    

 

MATERIALS AND METHODS 

Participants 

Thirty-seven (20 male; 17 female) healthy undergraduate students participated in 

the study, ranging in age between 18 and 27 years (M = 21.73, SD = 2.31). 

Participants received either partial course credit or a small amount of money for 

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

they could withdraw from participation at any time. Participants were medically 

screened to assure they were free from a physical (heart disease or epilepsy) or 

psychiatric disorder. The Ethics Committee of the University of Amsterdam 

approved the study. Participants (n = 37) were randomly assigned to either the 

easy (n = 18) or the difficult condition (n = 19).  
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Two unaware participants in the easy condition and one aware participant in the 

difficult condition were excluded from analysis, resulting in n = 16 in the easy and n 

= 18 participants in the difficult condition.  

 

Apparatus 

Stimuli. The conditioned stimuli (CSs) were adapted from Schultz and 

Helmstetter (2010) and consisted of two pairs of complex sine wave gratings, 

composed of high and low frequency components (Fig. 1). The high frequency 

component was equal for all stimuli. The low frequency components were 

adjusted so as to create conditions in which the two stimuli would be easy (easy 

condition) or difficult (difficult condition) to discriminate. 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 

Digitimer DS7A constant current stimulator (Hertfordshire, UK). Between the 

electrodes and the skin a conductive gel (Signa, Parker) was applied.  

  Fear potentiated startle       (FPS). Startle response was measured through 

electromyography (EMG) of the right orbicularis oculi muscle. Two 6 mm sintered 

Ag/AgCl electrodes filled with a conductive gel (Signa, Parker) 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  

  hairline  (Blumenthal  et al., 
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Figure 1. The conditioned stimuli (CS+ and CS-) were 
either easy (Easy condition) or difficult to discriminate 
(Difficult condition).  

2005). The startle probe 

was a 40 ms duration 

noise burst (104 dB)  with  

a rise/fall  time  shorter  

than  1 ms, which  was  

presented  binaurally 

through headphones 

(Sennheiser, model HD 25-

1 II). The EMG signal was 

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  
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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. The raw EMG 

signal was sampled at 1000 Hz and band-pass filtered (28–500 Hz, Butterworth, 4th 

order (Blumenthal et al., 2005)) to obtain the cleanest possible data without 

affecting response amplitude. After rectifying and contour following (time 

constant = 10 ms) the peak amplitude was found by analysing the first derivative 

of the resulting signal in a 30–150 ms interval following probe onset. 

Skin conductance response. 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 SCL signal from the input device was 

converted to 0.2V/uS by a current to voltage converter. Startle response and 

electrodermal activity were recorded with the software program VSSRP98 at 1000 

Hz. Phasic skin conductance response 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. Maximum score was defined as the largest 0.5 s 

interval mean SCL, during the 0 to 7 s window after CS onset (entire-interval 

response, EIR) (Pineles, Orr, & Orr, 2009) before the onset of the startle probe. This is 

a well-established approach of examining electrodermal reactivity and has been 

used extensively in human psychophysiological research (Milad, Orr, Pitman, & 

Rauch, 2005; Orr et al., 2000; Pineles et al., 2009; Raes, Houwer, Verschuere, & 

Raedt, 2011). 

Online US-expectancy ratings. US-expectancy was measured 

continuously (5 samples/s), 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. Participants rated US-expectancy levels 

by shifting the cursor on the scale with use of the mouse. Subjects were not 

informed about CS-US contingencies and were instructed to update their US-

expectancy throughout the experiment. Continuous US-expectancy ratings during 

the last 4 s of CS presentation were averaged for each CS presentation. Ratings 

were converted to a 0 to 100 scale. 

Subjective assessments. Evaluation of the US was assessed on an 11-point 

scale ranging from ‘unpleasant’ (-5) to ‘pleasant’ (5). General level of anxiety was 

measured with the Trait Anxiety Inventory (STAI-T; Spielberger, Gorsuch, & Lushene, 

1970) to control for general level of anxiety. 
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Procedure 

After giving informed consent participants were seated in front of a 

computerscreen in a sound-attenuated room. The EMG, SCR and shock 

electrodes were attached and US-intensity level was determined by gradually 

increasing shock intensity (starting at 1 mA) until subjects indicated the shock to 

be ‘uncomfortable though not painful’. The experiment started with ten startle 

habituation trials to stabilize baseline startle reactivity. To assess baseline startle 

responding during the experimental phase, startle probes alone (Noise Alone; NA) 

were presented in addition to the CS presentations. Throughout the entire 

conditioning phase participants continuously rated their US-expectancy.  

Fear conditioning. The testing procedure was adapted from Schultz and 

Helmstetter (2010). In the current study NA trials were presented in addition to the 

CS presentations. Stimuli (CS+, CS-, NA) were presented randomly in a block of 

three trials. The CSs consisted of 2 different images depicting complex sine wave 

gratings. Both CSs were presented 8 times, with a duration of 8 s. The experiment 

consisted of 8 consecutive blocks.  One of the images (CS+) was paired with a 

mild shock to the wrist (US) on all the eight trials, whereas the other picture was 

never paired with a shock (CS-). A startle probe (40 ms; 104 dB) was delivered 7 s 

after CS onset, followed by the US after another 500 ms. The US consisted of an 

electrical stimulus (2 ms). Note that delivery of neither the startle probe nor the US 

interfered with measurement of SCR as maximum SCR score was determined 

during 7 s following stimulus onset before the startle probe and the US onset. 

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

that were easy to discriminate served as CSs in the easy condition and the stimuli 

that were difficult to discriminate served as CSs in the difficult condition (Fig. 1). 

Participants did not receive information about the CS-US relationship. They were 

instructed to continuously place the cursor of the mouse on the position on the 

scale corresponding to their US-expectancy, ranging from ‘certainly no electric 

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

conclusion of the experimental phase, participants filled in the trait anxiety (STAI-T) 

questionnaire and rated US-pleasantness.  

 

Awareness 

Continuous US-expectancy ratings during the last 4 s of CS duration were 

averaged for each CS presentation. Awareness was defined according to the two 

criteria set by Schultz and Helmstetter (2010). First, participants were classified as 
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aware when in a sliding window of five consecutive CS presentations ratings to the 

CS+ were higher than 75 and ratings to the CS- were lower than 25 with at least 

two trials of each CS type. In the second series of analyses the effect of trial 

sequence on conditioned responding in the easy and difficult condition was taken 

into account. Second, participants were classified as aware according to the 

more tolerant criterion for contingency awareness when in a sliding window of four 

consecutive CS presentations ratings to the CS+ were higher than 50 and ratings 

to the CS- were lower than 50 with at least two trials of each CS type. 

 

Data Analysis 

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

condition (easy vs. difficult) as between-subjects factor. Startle and skin 

conductance response outliers were defined by means of within-participants Z 

scores (Z > 3) and replaced by linear trend at point. Skin conductance responses 

were mean corrected, to equalize the opportunity for each subject to contribute 

to the group mean (Lovibond, Siddle, & Bond, 1988). The mean value used for 

correction was based on the eight conditioning trials. US-expectancy, skin 

conductance and startle potentiation data were averaged over all eight 

conditioning trials, resulting in a single mean response to the CS+ and a single 

mean response to the CS-. US-expectancy ratings, startle responses and 

electrodermal activity were then subjected to a mixed analysis of variance for 

repeated measures (ANOVA) with condition (easy vs. difficult) as between-

subjects factor and stimulus (CS+ vs. CS-) and trial sequence (alternating vs. non-

alternating) as within-subjects factor. Planned comparisons (early vs. late 

conditioning) were performed for each condition separately. The alpha level was 

set at .05 for statistical analyses. 

 

RESULTS 

Easy vs. difficult 

First, we analysed the data according to Schultz and Helmstetter (2010). 

Awareness was defined as five consecutive CS presentations during which US-

expectancy ratings to the CS+ were higher than 75 and US-expectancy ratings to 

the CS- were lower than 25. Based on this criterion two unaware participants in the 

easy condition and one aware participant in the difficult condition were excluded 

from further analysis, resulting in n = 16 in the easy and n = 18 participants in the 

difficult condition. The individually set shock intensity ranged from 6 to 40 mA (M = 
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19.09, SD = 8.83). There was no difference in US-intensity, US-evaluation and 

reported trait anxiety (Fs < 1) between the aware and unaware participants.  

 
Figure 2. US-expectancy ratings (A), skin conductance responses (B) and startle responses (C) 
to the CS+ and CS- for the Easy (n = 16) and Difficult (n = 18)  conditions. Error bars represent 
SEM. 

 

 

US-expectancy ratings. Analysis revealed a difference between 

conditions in differential US-expectancy (stimulus x condition; F(1, 32) = 173.43, p < 

.001, η²p = .84). US-expectancy ratings to the CS+ were higher compared to the 

CS- in the easy condition (main effect stimulus; F(1, 15) = 311.99, p < .001, η²p = .95),  

while this difference was absent in the difficult condition (main effect stimulus; F(1, 

17) < 1) (Fig. 2A). 

Skin conductance response. We observed a near-significant difference in 

SCR conditioning between the easy and difficult condition (stimulus x condition; 

F(1, 32) = 2.99, p < .094, η²p = .09) (Fig. 2B). In line with the US-expectancies, we found 

higher SCR to the CS+ compared to the CS- in the easy condition (main effect 

stimulus; F(1, 15) = 5.55, p < .032, η²p = .27), while we did not observe such differential 

responding in the difficult condition (main effect stimulus; F(1, 17) < 1). Thus in 
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contrast to Schultz and Helmstetter (2010), we found that contingency awareness 

is a prerequisite for SCR conditioning. 

Startle fear response. The easy and difficult condition differed neither on 

startle habituation (trials 1 to 10; stimulus x condition; F(4.78, 152.99) < 1) nor on startle 

responding during the ITI (trials 1 to 8; stimulus x condition; F(5.03, 161) < 1.12). Even 

though the easy and difficult condition did not differ in conditioning of differential 

startle fear response (stimulus x condition; F(1, 32) < 1), we observed general startle 

conditioning evidenced by stronger startle potentiation to the CS+ compared to 

the CS- (main effect stimulus; F(1, 32) = 5.84, p < .022 , η²p = .15) (Fig. 2C). Follow-up 

analyses showed that conditioning of the startle was present in the difficult 

condition (main effect stimulus; F(1, 17) = 4.78, p < .043 , η²p = .22) but not in the easy 

condition (main effect stimulus; F(1, 15) < 1.66). Note that while startle conditioning 

was absent on the first trial (main effect stimulus; F(1, 15) < 1), there was a significant 

effect of differential responding during the second to the fifth trial of early 

conditioning in the easy condition (trials 2 to 5; main effect stimulus; F(1, 15) = 4.61, p 

< .05 , η²p = .24). This effect was collapsed at the end of conditioning (trials 6-8; 

main effect stimulus; F(1, 15) < 1).  

 

Easy vs. difficult: Trial sequence  

A recent study showed that stimulus presentation sequence could account for 

unaware differential SCR (Singh et al., 2013). Thus, what initially appeared to be 

unaware differential SCR conditioning could also be explained by expectancy 

“learning”, arising from a predictable trial sequence. In the current study we 

presented the stimuli (CS+, CS-, NA) randomly within a block, for 8 consecutive 

blocks. Similar to the Schultz and Helmstetter study, this presentation scheme 

increases the probability of shock deliverance when a preceding trial is not 

reinforced. In contrast, when a preceding trial is reinforced the probability of shock 

deliverance decreases. Therefore, we re-analysed the data with trial sequence 

(alternating vs. non-alternating) as an additional within subjects factor. Following 

Singh et al. (2013) we separately averaged conditioned responses (US-

expectancy, SCR, startle response) for CS+ and CS- trials that were preceded by 

an opposite CS type (e.g., CS- followed by CS+; alternating trial) or a similar CS 

type (e.g., CS+ followed by CS+; non-alternating trial). The first two trials were not 

included in the analyses, since trial sequence based expectancies could not yet 

have been inferred for these trials (Singh et al., 2013).  
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 US-expectancy ratings. 

Differential ratings were greater in 

the easy condition compared to the 

difficult condition on both 

alternating (stimulus x condition; F(1, 

32) = 83.82, p < .001, η²p = .72) and 

non-alternating trials (stimulus x 

condition; F(1, 28) = 54.36, p < .001, η²p 

= .66) (Fig. 3A). Both on alternating 

(main effect stimulus; F(1, 15) = 350.20, 

p < .001, η²p = .96) and non-

alternating trials (main effect 

stimulus; F(1, 12) = 78.71, p < .001, η²p = 

.87) responding to the CS+ was 

higher compared to the CS- in the 

easy condition. Participants in the 

difficult condition capitalized on trial 

sequence, evidenced by higher 

ratings to the CS+ compared to the 

CS- on alternating trials (main effect 

stimulus; F(1, 17) = 6.56, p < .020, η²p = 

.28), while on non-alternating trials 

this pattern was reversed with higher 

responding to the CS- compared to 

the CS+  (main effect stimulus; F(1, 16) 

= 6.06, p < .026, η²p = .28). Thus, in line 

with previous findings (Singh et al., 

2013), we found that trial sequence 

can result in US-expectancy learning 

when stimuli are in fact difficult to 

discriminate. 

Skin conductance response. 

Differential responding was greater in 

the easy condition compared to the 

difficult condition on the alternating 
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Figure 3. US-expectancy ratings (A), skin 
conductance responses (B) and startle 
responses (C) to the CS+ and CS- on 
alternating and non-alternating trials for the 
Easy (n = 16) and Difficult (n = 18) 
conditions. Error bars represent SEM. 
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trials (stimulus x condition; F(1, 32) = 7.38, p < .011, η²p .19) (Fig. 3B). Indeed, 

responding to the CS+ was higher compared to the CS- in the easy condition on 

alternating trials  (main effect stimulus; F(1, 15) = 11.00, p < .001, η²p= .42). Contrary to 

the previous findings (Singh et al., 2013), this effect was not observed in the difficult 

condition (main effect stimulus; F(1, 17) < 1). The easy and difficult condition did not 

differ on SCR on non-alternating trials (stimulus x condition; F(1, 28) < 1). Follow-up 

analyses confirmed that differential SCR was absent in both conditions on non-

alternating trials (main effect stimulus; Fs < 1.05).  

Startle fear response. The easy and difficult condition did not differ on 

startle response on both alternating and non-alternating trials (stimulus x condition; 

Fs < 1). In sum, we replicated the US-expectancy results of Singh et al. (2013). 

Predictable trial sequence did facilitate expectancy learning in spite of difficult to 

discriminate stimuli. However, trial sequence only facilitated differential SCR in the 

easy but not in the difficult condition. Differential startle responding was not 

affected by trial sequence.  

 

DISCUSSION 

The aim of the present study was to investigate whether SCR and startle 

conditioning correspond with contingency awareness. We observed differential 

SCR conditioning in the easy but not in the difficult condition. Moreover, while SCR 

mirrored the US-expectancy ratings, differential conditioning of the fear 

potentiated startle was observed in spite of difficult to discriminate conditioned 

stimuli. While Schultz and Helmstetter (2010) found more electrodermal responding 

to the CS+ compared to the CS-, irrespective of the difficulty to perceptually 

discriminate these stimuli, we did not replicate these findings. More than half of the 

participants in the difficult condition showed contingency awareness according 

to the tolerant criterion in their study, but only four out of the 19 participants in the 

difficult condition met the same awareness criterion in the current study. Therefore, 

SCR conditioning in the study by Schultz and Helmstetter (2010) can arguably be 

attributed to the relatively large sample of participants who unintentionally 

acquired some level of contingency awareness in the difficult condition.  

An alternative explanation for the findings by Schultz and Helmstetter 

(2010) is that participants classified as aware in the difficult condition could have 

capitalized on the trial sequence to predict the occurrence of the US, as was 

convincingly argued in a recent replication study (Singh et al., 2013). When 

presentation of the CS+ and CS- followed an alternating sequence, participants 
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not only showed higher US-expectancy to the CS+ compared to the CS-, but also 

differential SCR. Thus, although incapable of discriminating the two CSs, 

predictable trial sequence may have resulted in unintended contingency 

awareness and subsequent differential SCR conditioning. We partly replicated this 

effect, by showing that expectancy “learning” occurred on alternating but not on 

non-alternating trials when stimuli were difficult to discriminate. However, we did 

not observe that this artificial expectancy learning resulted in differential SCR in 

the difficult condition. Apparently, in the current study participants in the difficult 

condition did not benefit from a predictable trial sequence. Our design differed 

from Singh et al. (2013) in that their conditioning procedure was extended with 

two more blocks of CS presentations. These additional trials might have been 

essential for the participants to infer rules about the trial sequence. Surprisingly, we 

found that differential SCR was affected by trial sequence in aware participants. 

This shows that awareness may be required but not necessarily sufficient for 

differential SCR to occur, since SCR was absent for the non-alternating trials in 

participants who were contingency aware. This stresses the urge to control for trial 

sequence, especially when using SCR as a measure of conditioned responding. 

Notably, differential startle responding occurred irrespective of condition and trial 

sequence.  

While the easy and difficult conditions did not differ in startle responding 

we unexpectedly did not observe startle conditioning in the easy condition. Thus, 

startle responding to the CS+ was not higher than startle responding to the CS- 

when analysing the 8 conditioning trials together. However, participants in the 

easy condition showed startle conditioning at the beginning of the fear acquisition 

phase but this effect was no longer present by the end of conditioning. Visual 

inspection of the graphs suggests a similar pattern of conditioning over trials for the 

startle response in the difficult condition and SCR in the easy condition. The 

observation of a transient physiological conditioning effect contrasts with our 

previous studies, in which we did observe SCR and startle conditioning during late 

acquisition (Kindt et al., 2009; Sevenster et al., 2012a; Soeter & Kindt, 2010). In these 

studies we used fear-relevant stimuli, while in the current study CSs consisted of 

neutral pictures. The absence of differential psychophysiological responding at the 

end of conditioning in the current study might be explained by faster habituation 

to neutral CSs than to fear-relevant stimuli. Note that in the current paradigm the 

use of neutral pictures is preferred over fear-relevant stimuli as these stimuli have 
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an innate prepotency for eliciting fear responses (Lovibond, Hanna, Siddle, & 

Bond, 1994), and might therefore facilitate unaware conditioning.  

In line with previous evidence, the current study shows that SCR closely 

mirrors expectancy learning and thus dissociates from the startle response. 

Whereas the startle reflex is potentiated in response to negative valence, SCR 

increases with arousal and is independent of emotional valence (Bradley & Vrana, 

1993; Lang, 1995). Indeed, we previously showed that the startle response but not 

SCR remained potentiated in response to the feared stimulus even when the US 

could not be delivered (Sevenster et al., 2012a) or when participants were 

instructed that the CS would no longer be followed by the US (Sevenster et al., 

2012b). Thus, the CS maintains its negative valence when there is no threat of 

shock, as reflected by preserved startle potentiation. In contrast, absence of 

possible US deliverance eliminates anticipatory arousal, indicated by reduced 

electrodermal responding. Here, we show that transfer of valence from the CS to 

the US can occur independent of contingency awareness, whereas anticipatory 

arousal requires knowledge of the CS-US relationship. The dissociation between 

arousal (SCR) and valence (startle response) raises important questions 

concerning the function of unaware startle conditioning. Remarkably, the 

unaware startle conditioning effect seems to be of a transient nature, since it is no 

longer observed during an extinction phase immediately following conditioning 

(Weike et al., 2007). Imaging research already showed that conditioning-related 

neural responses can take place in absence of awareness and SCR conditioning 

(Tabbert et al., 2011). It would be interesting to see whether evidence for an intact 

memory representation of unaware conditioning can still be observed at a later 

retention test. If there is no indication that the immediately developed unaware 

conditioned responding outlasts the conditioning phase ―  either behaviourally or 

neurally ― the question is whether there is any adaptive value in the online but 

transient development of automatic conditioned responding.  

The current findings confirm the notion that fear learning involves at least 

two processes. The US-expectancy ratings and the closely associated SCR seem to 

reflect the propositional level of associative fear learning, whereas the startle 

response may be better explained in terms of emotional learning and seems a 

more automatic, low-level index of fear. The finding that the emotional and 

cognitive components of fear learning rely on different neural circuits further 

challenges the single-process account. That is, declarative knowledge of the CS-

US contingencies relies among other brain areas on the hippocampal complex 
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(Hamm & Weike, 2005; Hunsaker & Kesner, 2013; Weike et al., 2005). In contrast, 

the startle response is an amygdala-initiated response and therefore considered to 

reflect the brain’s subcortical defense system (LeDoux, 2003; Walker & Davis, 2002) 

(for a more elaborate discussion on the single vs. dual process account see 

Sevenster et al., 2012b). 

Note that while we consider SCR not an optimal correlate for fear, we do 

not argue that SCR is not a suitable measure in human fear conditioning research. 

During standard fear conditioning and extinction procedures, the measures 

corresponding to different response systems generally converge into similar 

learning patterns (Sevenster et al., 2012a, 2012b; Soeter & Kindt, 2010, 2011a; 

Vansteenwegen et al., 2005; Vervliet, Vansteenwegen, & Hermans, 2010). Only 

specific manipulations, either pharmacological or behavioural, may reveal the 

differences between these conditioned responses (Sevenster et al., 2012a, 2012b, 

2013; Soeter & Kindt, 2010, 2011a). In human fear conditioning research, multiple 

indices of the behavioural expression of fear (e.g., US expectancies, distress 

ratings, SCR, startle potentiation) are usually obtained for reasons of cross-

validation. Given that these measures of fear learning do not necessarily converge 

(Beckers, Krypotos, Boddez, Effting, & Kindt, 2013; Hamm & Weike, 2005; Kindt et 

al., 2009; Sevenster et al., 2012a, 2012b, 2013; Soeter & Kindt, 2010), future research 

should incorporate this apparent divergence by predicting a priori (differential) 

effects for the cognitive and emotional expression of fear learning. 
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Chapter 3 
Instructed extinction differentially 
affects the emotional and cognitive 
expression of associative fear memory 
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ABSTRACT – Instructed extinction after fear conditioning is relatively effective in 

attenuating electrodermal responding. Testing the single process account of fear 

learning, we examined whether this manipulation similarly affects the startle 

response. Skin conductance responses, startle responses and online US-

expectancy ratings were measured during fear acquisition (day 1), extinction and 

reinstatement (day 2). Before extinction onset, half of the subjects were instructed 

that the CS would not be followed by the US (Instructed Extinction), while the other 

subjects were not instructed (Normal Extinction). This simple instruction completely 

abolished both differential SCR and US-expectancy ratings, but not the startle fear 

response. While the manipulation facilitated extinction learning, it did not prevent 

the recovery of the startle response. The present findings are better explained by a 

dual rather than a single process account of fear learning.  
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BACKGROUND 

Fear learning prepares an individual for action when confronted with danger. 

Once a fear memory is established it appears relatively resistant to change. From 

an evolutionary perspective this is highly adaptive as it allows for rapid responding 

when the individual faces the feared object. The human fear conditioning 

paradigm is well suited to study the formation of associative fear memory and its 

subsequent expression. In a prototypical fear conditioning procedure, a previously 

neutral or ambiguous stimulus (Conditioned Stimulus; CS) acquires the capacity to 

elicit a robust conditioned response (CR; e.g., startle potentiation or electrodermal 

responding) after being paired with an intrinsically aversive consequence 

(Unconditioned Stimulus; US), such as an electric shock (Pavlov, 1927). The 

standard procedure to reduce the conditioned fear response is extinction: the 

repeated presentation of the feared stimulus without its adverse consequence 

(CS-noUS).  

Several studies suggest that the explicit instruction that the CS will no 

longer be followed by the US results in an immediate elimination of conditioned 

responding—even stronger or more promptly than by experience (Hugdahl & 

Öhman, 1977; Hugdahl, 1978; Lipp & Edwards, 2002; cf. Lovibond & Shanks, 2002). 

The finding that such a simple cognitive manipulation affects conditioned 

responding supports a single process account of fear learning. According to this 

account both affective and expectancy learning originate from a single learning 

system (Brewer, 1974; Dawson & Schell, 1985; Lipp & Purkis, 2005; Lovibond & 

Shanks, 2002; Lovibond, 2004; Mitchell et al., 2009). Affective learning refers to the 

mechanism by which affective valence from the US is transferred to the CS; during 

expectancy learning the CS gains the capacity to predict the occurrence of the 

US (Baeyens et al., 1995; Purkis & Lipp, 2001). According to the single process 

account, affective learning can easily be modified by verbal instructions (Mitchell 

et al., 2009). This contrasts with the dual process account of fear learning, which 

holds that affective learning is mediated by a learning mechanism that is distinct 

from the one that underlies expectancy learning(Baeyens et al., 1995; Hamm & 

Vaitl, 1996; Hamm & Weike, 2005). According to the dual process account, 

affective and expectancy learning can occur separately from one another.  

Findings on instructed extinction point towards a single underlying 

mechanism as changes in contingencies lead to the immediate reversal of 

conditioned responses. However, instructional effects on conditioned fear 

responding have mainly been investigated by use of the skin conductance 
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response (SCR). It has been argued that SCR, although traditionally regarded as a 

measure of fear (Prokasy & Kumpfer, 1973), cannot be considered as a specific 

index for fear learning (Hamm & Vaitl, 1996; Hamm & Weike, 2005; Weike et al., 

2007). In contrast, the startle response, an automatic defensive reflex, corresponds 

to the affective component of fear learning (Davis, 2006; LeDoux, 2000). Indeed, 

several studies show that multiple response systems seem to be involved in the 

formation and expression of associative fear memory and that the physiological 

correlates of these response systems can dissociate (Hamm & Weike, 2005; Knight, 

Smith, Cheng, Stein, & Helmstetter, 2004; Sevenster et al., 2012a; Soeter & Kindt, 

2010, 2011b, 2012; Squire, 2004). Thus, while electrodermal responding is 

susceptible to verbal instructions, similar results should not necessarily be observed 

with respect to the startle response. Yet, from the single process account of fear 

learning it follows that the startle response should be equally susceptible to 

instructions regarding the CS-US contingencies. 

In the present experiment we investigated the sensitivity of both SCR and 

startle response to instructed extinction. A human differential fear conditioning 

paradigm was used in which pictures of geometrical stimuli served as CSs. We 

presented neutral stimuli because startle responses to fear-relevant stimuli are 

known to be resistant to extinction (Öhman, Erixon, & Lofberg, 1975). Fear learning 

was established on day 1 by pairing one of the CSs with an aversive electrical 

shock while startle response, SCR and online US-expectancy were measured. One 

day later, half of the participants (Instructed Extinction Group) were instructed that 

the pictures would no longer be followed by the shock while the other participants 

(Normal Extinction Group) did not receive instructions. Different from earlier studies 

on instructed extinction (Hugdahl & Öhman, 1977; Hugdahl, 1978; Lipp & Edwards, 

2002), the US-electrodes remained attached to the participant’s wrist during the 

extinction phase. First, this allowed for a more pure assessment of instructional 

effects as it excludes a possible generalization decrement of conditioned 

responding due to context changes. Second, leaving the electrodes attached 

allowed us to investigate the effect of verbal instructions, not only on extinction 

learning, but also on the return of fear after presenting the participants with 

unsignaled shocks (reinstatement testing). The single process account of affective 

learning predicts that the extinction instructions will affect the emotional 

expression of associative fear learning as readily as SCR, indicated by a direct 

elimination of differential startle fear response. Also, if the instructions prevent the 

recovery of both US-expectancy ratings and SCR after reinstatement shocks, the 
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startle response will follow this pattern, such that reinstatement of differential startle 

response will not be observed. 

 

MATERIALS AND METHODS 

Participants 

Forty (9 male; 31 female) healthy undergraduate students participated in the 

study, ranging in age between 18 and 28 years (M = 21.75, SD = 2.60). Participants 

received either partial course credit or a small amount of money for their 

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

could withdraw from participation at any time. The Ethics Committee of the 

University of Amsterdam approved the study. Participants were randomly assigned 

to either the Instructed Extinction group (n = 20; 4 males) or the Normal Extinction 

group (n = 20; 5 males). 

 

Apparatus 

Stimuli. The conditioned stimuli (CSs) consisted of 2 different images 

depicting geometrical figures of a blue square and a yellow circle. 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 Digitimer DS7A constant current stimulator (Hertfordshire, UK). Between the 

electrodes and the skin a conductive gel (Signa, Parker) was applied.  

Fear potentiated startle (FPS). Startle response was measured through 

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

electrodes filled with a conductive gel (Signa, Parker) 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 

hairline (Blumenthal et al., 2005). The startle probe was a , 40 ms duration noise 

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

binaurally through headphones (Sennheiser, model HD 25-1 II). 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 
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possible data without affecting response amplitude. Peak blink amplitude was 

determined in a 30–150 ms interval following probe onset. 

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 

(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; Orr et al., 2000; Pineles et 

al., 2009; Raes et al., 2011). 

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

during each image 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 

of the mouse and confirmed their ratings by pushing the left mouse button within 7 

s following stimulus onset. 

Subjective assessments. Evaluation of the US was assessed on an 11-point 

scale ranging from ‘unpleasant’ (-5) to ‘pleasant’ (5). General level of anxiety was 

measured with the Trait Anxiety Inventory (STAI-T; Spielberger, Gorsuch, & Lusthene, 

1970). 

 

Procedure 

After giving informed consent participants were seated in front of a computer 

screen (50 cm distance) in a sound attenuated room. The EMG, SCR and shock 

electrodes were attached and US-intensity level was determined by gradually 

increasing shock intensity (starting at 1 mA) until subjects indicated the shock to 

be ‘uncomfortable though not painful’. The experiment consisted of two testing 
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sessions on consecutive days. Each testing session started with ten startle 

habituation trials to stabilize baseline startle reactivity. To assess baseline startle 

responding during the experimental phases startle probes alone (Noise Alone; NA) 

were presented in addition to the CS presentations. Throughout all the 

experimental phases participants rated their US-expectancy during each CS 

presentation. For a schematic representation of the experimental design see 

Figure 1A.  

Fear conditioning. All participants underwent fear conditioning on day 1. 

The CSs consisted of 2 different images depicting geometrical figures. One of the 

images (CS1) was paired with a mild shock to the wrist (US) on four out of six trials, 

whereas the other picture was never paired with a shock (CS2). Assignment of the 

pictures as CS1 or CS2 was counterbalanced across participants. Both CSs were 

presented 6 times for 8 s. A startle probe (40 ms; 104 dB) was delivered 7 s after CS 

onset, followed by the US after another 500 ms. The US consisted of an electrical 

stimulus (2 ms). Note that delivery of neither the startle probe nor the US interfered 

with measurement of SCR as maximum SCR score was determined during 7 s 

following stimulus onset. For a schematic representation of a conditioning trial see 

Figure 1B.Intertrial intervals (ITI) varied from 15 s to 25 s with an average of 20 s. All 

participants were instructed that one of the pictures was followed by a shock on 

most trials, while the other picture was never followed by a shock. It was stressed 

that the latter was by no means reinforced on the next day. Also, it was pointed 

out that they should learn the CS-US contingency on basis of the images. 

Participants rated their US-expectancy during each image presentation by 

moving the bar on the scale to the corresponding value ranging from ‘certainly no 

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

Extinction training and reinstatement test. On day 2, participants were 

randomly assigned to either the Instructed Extinction group or the Normal 

Extinction group. After attachment of the SCR, EMG and shock electrodes, all 

participants were told that the same two pictures of geometrical figures would be 

presented again. Crucially, participants in the Instructed Extinction group were 

explicitly instructed that the pictures would not be followed by shock. Participants 

in both groups were presented with 16 unreinforced CS1 and CS2 trials. After 

extinction learning, three unsignaled reminder shocks were administered to the 

wrist, followed by 8 unreinforced CS1 and CS2 trials to test reinstatement of fear. 

Again, participants rated their US-expectancy online. Finally, subjects filled in the 

trait anxiety (STAI-T) questionnaire and rated US-pleasantness.  
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Figure 1. (A) Schematic representation of the experimental design. (B) A conditioning trial of a 
reinforced stimulus presentation. Stimulus duration was 8 s. A startle probe was delivered 7 s 
after CS onset, followed by the US (2 ms) after 500 ms. Participants rated online US 
expectancies during the 7 s following CS onset. Peak skin conductance response was 
calculated for the 0–7 s window following CS onset. 
 

Data Analysis 

STAI-T scores, US-intensity and US-evaluation scores were subjected to ANOVAs 

with group (Normal Extinction vs. Instructed Extinction) as between-subjects factor. 

Fear potentiated startle and skin conductance responses were standardized using 

within-participants Z-scores (calculated across the two testing days). US-

expectancy ratings, startle responses and electrodermal activity were then 

subjected to a mixed analysis of variance for repeated measures (ANOVA) with 

group (Instructed Extinction vs. Normal Extinction) as between-subjects factor and 

stimulus (CS1 vs. CS2) and time (stimulus presentation) as within-subjects Factiors. 

The alpha level was set at .05 for statistical analyses. Planned comparisons were 

performed for each group separately. A Greenhouse-Geisser procedure was used 
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in case of violation of the sphericity assumption in ANOVAs. To assess the speed of 

extinction learning ANOVAs were performed. We averaged the data over blocks 

of two trials to reduce the variability of physiological responding. We then 

performed multiple comparisons (CS1 vs. CS2) for each separate block (1 to 8) of 

extinction. The p value was corrected using the Benjamini–Hochberg false 

discovery technique (false detection rate, FDR) for multiple test comparisons 

(Benjamini & Hochberg, 1995).  

 

RESULTS 

Questionnaires and Evaluations 

The groups did not differ in trait anxiety (F(1, 38) < 1.94). The individually determined 

shock intensity ranged from 6 to 46 mA (M = 17.88, SD = 10.88). Comparing the 

groups with respect to US-intensity revealed no differences in US intensities 

between the Instructed Extinction group (M = 18.65, SD = 9.78) and the Normal 

Extinction group (M = 17.10, SD = 12.07; F(1, 38) < 1). Additionally, there was no 

difference in the evaluation of the US on either day 1 or day 2 (Fs < 1.82), 

indicating that participants experienced the US similarly.  

 

Manipulation Check 

US-expectancy ratings. We observed acquisition of US-expectancy, as 

evidenced by a significant increase in differential US-expectancy ratings (CS1 vs. 

CS2) on day 1 (trials 1 to 6; stimulus x trial; F(5, 190) = 70.07, p < .001, η²p= .65; Fig. 2A,B). 

This pattern did not differ between groups (stimulus x trial x group; F(5, 190) < 1). The 

instruction that the pictures would not be followed by the shock anymore 

(Instructed Extinction group) reduced the differential US-expectancy ratings from 

the last trial of acquisition to the first trial of extinction, relative to no instruction 

(Normal Extinction group; stimulus x trial x group; F(1, 38) = 89.43, p < .001, η²p = .70). 

Although differential responding somewhat decreased from the last acquisition 

trial to the first extinction trial (stimulus x trial; F(1, 19) = 3.86, p = .064, η²p = .17), US-

expectancy ratings to the CS1 remained significantly higher compared to ratings 

to the CS2 during the first extinction trial in the Normal Extinction group (main 

effect of stimulus; F(1, 19) = 554.45, p < .001, η²p = .97; Fig. 2A). In contrast, there was a 

significant decrease in differential ratings from the last trial of acquisition to the first 

extinction trial in the Instructed Extinction group (stimulus x trial; F(1, 19) = 136.91, p < 

.001, η²p = .88). The instruction completely eliminated differential US-expectancy 

ratings on the first trial of extinction (main effect of stimulus; F(1, 19) < 1.58; Fig. 2B). 
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The course of extinction learning (trials 1 to 16) differed accordingly between the 

groups (stimulus x trial x group; F(15, 570) = 26.44, p < .001, η²p = .41). A differential 

decrease in US-expectancy ratings was observed during extinction learning in the 

Normal Extinction group (trials 1 to 16; stimulus x trial; F(15, 285) = 30.79, p < .001, η²p = 

.62). Given that differential US-expectancy was already absent at the beginning of 

extinction in the Instructed Extinction group, there was no differential change in 

US-expectancy ratings (trials 1 to 16; stimulus x trial; F(15, 285) < 1). 

 

 

 

 
	  

Figure 2. Mean online US expectancy ratings to the CS1 and CS2 during acquisition, extinction, 
and reinstatement test for (A) the normal extinction group (n = 20) and (B) the instructed 
extinction group (n = 20). Error bars represent SEM. 
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Finally, we observed a difference between groups in differential US-

expectancy ratings from the last trial of extinction to the reinstatement test trial 

(stimulus x trial x group; F(1, 38) = 7.15, p = .011, η²p =. 16). The three reminder shocks 

reinstated differential US-expectancy ratings in the Normal Extinction group 

(stimulus x trial; F(1, 19) = 9.81, p = .005, η²p = .34; Fig. 2A) whereas the instructions 

prevented the return of differential ratings in the Instructed Extinction group 

(stimulus x trial; F(1, 19) < 1.71; Fig. 2B). These results show that the manipulation was 

successful, given that differential US-expectancy ratings were immediately absent 

after the instruction and did not return after the unpredicted shocks in the 

Instructed Extinction group. 

 

Fear Potentiated Startle 

An increase in differential (CS1 vs. CS2) startle responding indicated successful 

acquisition on day 1 (trials 1 to 6; stimulus x trial; F(5, 190) = 3.56, p = .004, η²p = .09). 

This pattern did not differ between groups (stimulus x trial x group; F(5, 190) < 1.09; Fig. 

3A,B). Differential responding persisted from the last trial of acquisition to the first 

trial of extinction (stimulus x trial; F(1,38) < 1). Instructed extinction did not affect the 

startle response, given that startle potentiation to the first test trials did not decline 

in either group (stimulus x trial x group; F(1,38) < 1). Indeed, on the first trials of 

extinction (trials 1-2) a significant difference between startle response to the CS1 

and the CS2 was still observed in both the Normal Extinction group  (main effect of 

stimulus; F(1, 19) = 16.46, p = .001, η²p = .46) and the Instructed Extinction group (main 

effect of stimulus; F(1, 19) = 8.59, p = .009, η²p = .31). However, the groups differed in 

overall differential responding during extinction training (stimulus x group; F(1, 38) = 

14.04; p = .001, η²p = .27). Planned comparisons showed a near-significant 

reduction in differential responding during extinction learning (trials 1 to 16) in the 

Normal Extinction group (stimulus x trial; F(15, 285) = 1.67, p = .056, η²p = .08) and a 

significant decrease in differential responding in the Instructed Extinction group 

(stimulus x trial; F(15, 285) = 1.90, p = .023, η²p = .09). Furthermore, the groups differed in 

speed of extinction learning, as demonstrated by a series of ANOVAs (p = 0.05 

corrected using false discovery rate, FDR; Benjamini & Hochberg, 1995). In the 

Normal Extinction group, responding to the CS1 compared to the CS2 remained 

significant during trials 3-4 (main effect of stimulus; F(1,19) = 17.07; p = .001, η²p = .47), 

trials 5-6 (main effect of stimulus; F(1,19) = 9.04; p = .007, η²p = .32), trials 7-8 (main 

effect of stimulus; F(1, 19) = 9.52; p = .006, η²p = .33) and trials 9-10 (main effect of 

stimulus; F(1,19) = 11.84; p = .003, η²p = .38). Differential responding was only absent 



INSTRUCTED EXTINCTION 

48 

	  

by trials 11-12 and remained absent over the last four trials (trials 13-14 and trials 15-

16; main effect of stimulus; Fs(1, 19) < 3.43; Fig. 3A). In contrast, the significant 

difference between the CS1 and CS2 at the beginning of extinction (trials 1-2) 

disappeared much faster and was already absent at extinction trials 3-4 (main 

effect of stimulus; F(1, 19) < 1) in the Instructed Extinction group. This pattern persisted 

throughout the remainder of the extinction procedure (trials 5-6, 7-8, 9-10, 11-12, 

13-14, 15-16; main effect of stimulus; Fs(1, 19) < 2.34; Fig. 3B).  

 

 

 
	  

Figure 3. Mean startle response to the CS1, CS2 and NA during acquisition, extinction, and 
reinstatement test for (A) the normal extinction group (n = 20) and (B) the instructed extinction 
group (n = 20). Error bars represent SEM. 
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Thus, we observed faster and more robust extinction learning in the 

Instructed Extinction group than in the Normal Extinction group. While the 

extinction instruction did not prevent initial startle potentiation, it did increase the 

speed of extinction learning of the conditioned startle response. Moreover, the 

three reminder shocks upon completion of extinction yielded a reinstatement of 

differential startle fear response from the last trial of extinction to the test trial 

(stimulus x trial; F(1, 38) = 4.36; p = .044, η²p = .10). Although visual inspection suggests 

that the reinstatement effect was greater in the Normal Extinction group 

compared to the Instructed Extinction group, we observed no differences in 

reinstatement between the two groups (stimulus x trial x group; F(1, 38) < 1; Fig. 3A,B). 

In sum, the instructions neither abolished startle potentiation nor prevented the 

recovery of fear after a reinstatement procedure, even though they facilitated 

extinction learning. 

  

Skin Conductance Response (SCR)  

Analysis showed acquisition of electrodermal responding on day 1, as indicated 

by an increase in differential SCR (trials 1 to 6; stimulus x trial; F(5, 190) = 6.24; p < .001, 

η²p = .14). Acquisition of SCR did not differ between groups (stimulus x trial x group; 

F(5, 190) < 1; Fig. 4A,B). We observed a near significant difference in the decrease of 

differential SCR from the last acquisition trial to the first extinction trial between the 

Normal Extinction and Instructed Extinction group (stimulus x trial x group; F(1, 38) = 

3.41, p = .073, η²p = .08). Indeed, differential SCR remained stable when tested 24 

hr later in the Normal Extinction group (stimulus x trial; F(1, 19) = .09, p = .763) while a 

near significant decrease was observed in the Instructed Extinction group (stimulus 

x trial; F(1, 19) = 4.03; p = .059, η²p = .08). Post-hoc comparisons revealed that SCR to 

the CS1 differed from responding to the CS2 at the first trial of extinction in the 

Normal Extinction group (main effect of stimulus; F(1, 19) = 18.46; p < .001, η²p = .49; 

Fig. 4A), while differential SCR was no longer present in the Instructed Extinction 

group (main effect of stimulus; F(1, 19) < 1; Fig. 4B). In addition, overall differential 

SCR during extinction learning (trials 1 to 16) on day 2 differed between the groups 

(stimulus x group; F(1, 38) = 6.05; p = .019, η²p = .14). Similar to the US-expectancy 

ratings, we observed no change in differential SCR in the Instructed Extinction 

group (stimulus x trial; F(15, 285) < 1) and no differential SCR was observed throughout 

the whole extinction procedure (main effect of stimulus; F(1, 19) < 1). However, there 

was no reduction in differential SCR in the Normal Extinction group either when 

analysing all extinction trials (stimulus x trial; F(15, 285) < 1.28). However, analysis of the 



INSTRUCTED EXTINCTION 

50 

	  

first vs. the last extinction trial revealed that the unreinforced trials actually did 

extinguish the differential SCR (stimulus x trial; F(1, 19) = 4.48, p = .048, η²p = .19).  

The reminder shocks did not result in reinstatement of differential 

electrodermal responding from the last trial of extinction to the first test trial 

(stimulus x trial; F(1, 38) < 1). We also observed no difference in responses to the CS1 

compared to responses to the CS2 at the first test trial (main effect of stimulus; F(1, 

38) < 1). Thus,  similar  to  US-expectancies,  SCR  was not reinstated in the Instructed 

 

 

 

 
	  

Figure 4. Mean skin conductance response (SCR) to the CS1 and CS2 during acquisition, 
extinction, and reinstatement test for (A) the normal extinction group (n = 20) and (B) the 
instructed extinction group (n = 20). Error bars represent SEM. 

Normal Extinction

Sk
in

 C
on

du
ct

an
ce

 R
es

po
ns

e 
Z−

sc
or

es

Acquisition Extinction Test

USs

A

1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8

−1

−0.5

0

0.5

1

1.5

2

CS1 CS2

Instructed Extinction

Sk
in

 C
on

du
ct

an
ce

 R
es

po
ns

e 
Z−

sc
or

es

Acquisition Extinction Test

USs

B

1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8

−1

−0.5

0

0.5

1

1.5

2

CS1 CS2



CHAPTER 3 

51 

	  

Extinction group. Unlike the US-expectancies, SCR was also not reinstated in the 

Normal Extinction group. 

 

DISCUSSION 

The aim of the present study was to investigate the sensitivity of both SCR and 

startle potentiation to instructed extinction. The online US-expectancy ratings show 

that the intended manipulation was successful. Contrary to no instruction (Normal 

Extinction group),the explicit instruction immediately eliminated the differential US-

expectancy, which did not reinstate after the reminder shocks (Instructed 

Extinction group). In accordance with previous studies utilizing neutral stimuli in a 

fear conditioning procedure (Hugdahl & Öhman, 1977; Hugdahl, 1978; Lipp & 

Edwards, 2002), the instructions completely abolished differential electrodermal 

responding. In contrast, the startle potentiation was less susceptible to verbal 

instructions: it was still present at the beginning of extinction and the instructions 

did not prevent the return of fear after the unexpected reinstatement shocks.  

Although verbal instructions had an immediate impact on SCR, non-

differential electrodermal responding remained high on the first extinction trial. 

Electrodermal activity on the first extinction trial might reflect an orienting response 

to the first stimulus presentations after acquisition training. Some studies even 

disregard the first (Schiller et al., 2009) or the first three test trials (Phelps, Delgado, 

Nearing, & LeDoux, 2004) in their analyses because of this orienting response. While 

reinstatement of the startle response was present, regardless of whether 

participants received verbal instructions, electrodermal responding did not 

recover after the reminder shocks in the Instructed Extinction group. Neither could 

we observe the return of electrodermal responding in the Normal Extinction group. 

Note that this lack of reinstatement could be attributed to the amount of 

extinction trials. Even though we recently did observe reinstatement of SCR to fear-

relevant stimuli after 16 extinction trials (Sevenster et al., 2012a), SCR to neutral 

stimuli habituates after a certain number of trials. Indeed, studies focusing on only 

SCR did employ extinction training of 4 to 6 trials to prevent SCR from habituation 

and allow for the return of electrodermal responding at test (Vervliet, 

Vansteenwegen, Baeyens, Hermans, & Eelen, 2005). 

 Evidence for the effectiveness of verbal instructions on extinction of 

conditioned responding to fear-relevant stimuli is mixed. So far, two studies found 

evidence for resistance to instructed extinction of SCR for fear-relevant stimuli 

(Hugdahl & Öhman, 1977; Hugdahl, 1978). To date, however, attempts to replicate 
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this finding failed to demonstrate that SCR can dissociate from US-expectancies in 

an instructed extinction paradigm (Eelen, as cited in Cook, Hodes, & Lang, 1986; 

Dawson, Schell, & Banis, 1986; Lipp & Edwards, 2002). In a recent study, we could 

also not demonstrate that fear-relevance impedes instructed extinction effects, as 

SCR to a fear-relevant stimulus was, similar to the retrospective US-expectancy 

ratings, immediately reduced after verbal instructions, whereas startle responding 

remained intact (Sevenster et al., 2012a). Even though electrodermal responses to 

fear-relevant stimuli may exhibit greater resistance to extinction (Dawson et al., 

1986; Öhman et al., 1975; but see McNally, 1987), a similar resistance has been 

observed for US-expectancy ratings (Dawson et al., 1986). Thus, not only for neutral 

stimuli but also for fear-relevant stimuli the electrodermal conditioning and US-

expectancies seem to converge (Dawson et al., 1986; McNally, 1987). 

The current results cannot easily be explained by the single process 

hypothesis. Instead of mirroring the US-expectancy ratings and electrodermal 

activity, the startle response was differentially affected by the extinction 

instructions. A similar dissociation between response systems has been observed 

previously. Conditioning experiments showed that SCR is associated with non-

specific increases in arousal. First, electrodermal conditioning occurred when the 

US consisted of either aversive electrical stimulation, or non-aversive vibrotactile 

stimulation (Hamm & Vaitl, 1996) or a reaction time task (Lipp, Sheridan, & Siddle, 

1994). Thus, the affective valence of the US does not have a modulatory role in 

acquisition of SCR. Second, electrodermal conditioning requires awareness of the 

relationship between the CS and its consequence, as only those participants who 

could correctly recall the contingencies acquired SCR conditioning (Hamm & 

Vaitl, 1996). SCR reflects an increase in orienting activity, triggered in response to a 

significant event—regardless of whether it is positive or negative. Skin 

conductance conditioning is, thus, supposed to be an indicator of anticipatory 

arousal and is closely associated with declarative knowledge. This contrasts 

sharply with the startle response that is considered to be a reliable measure of fear 

learning (Hamm & Weike, 2005; LeDoux, 2000). Potentiation of the startle reflex was 

only observed when the US consisted of aversive electrical stimulation, as opposed 

to non-aversive vibrotactile stimulation (Hamm & Vaitl, 1996) or a reaction time 

task (Lipp et al., 1994). Furthermore, the startle response seems to be automatically 

potentiated by the CS, since startle potentiation can occur in absence of CS-US 

contingency awareness (Hamm & Vaitl, 1996). This apparent dissociation between 

response systems suggests that, contrary to SCR, the startle response is an index of 
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aversive conditioning. In further support of diverging response systems, our 

previous studies on human fear memory reconsolidation demonstrated a 

dissociation between the startle response on the one hand and US-expectancies 

and SCR on the other hand (Soeter & Kindt, 2010, 2011a, 2011b). Recently, we 

even observed a double dissociation between the emotional (startle potentiation) 

and cognitive expression (US-expectancies, SCR) of fear memory (Sevenster et al., 

2012a). Thus, in line with our previous studies, we found a dissociation between the 

startle potentiation and SCR (Sevenster et al., 2012a; Soeter & Kindt, 2010, 2011a, 

2011b). SCR again shows a pattern closely associated with contingency learning 

and seems to reflect current states of arousal. The startle response acts relatively 

independently from declarative knowledge and seems to reflect a more 

automatic expression of fear memory. Instead of one underlying learning 

mechanism, affective and cognitive learning seem to originate from distinct 

learning systems. Higher level cognitive processes serve the detection of stimulus 

events in the environment and the relationship between these events, whereas 

automatic lower level processes regulate the transfer of affective valence from 

the US to the CS. This observation supports a dual process account of fear 

learning.  

The dual process account of fear learning is in line with the idea that 

separate response systems rely on different neural circuits. Both animal research 

and patient studies suggest that different brain areas are involved in the 

expression of emotional memory (expressed through performance) and 

declarative memory (conscious recollection of events) (Squire, 1992, 2004). During 

affective learning a previously innocuous stimulus becomes capable of activating 

the brain’s subcortical defense system. The amygdala mediates learning via direct 

projections to the brainstem (LeDoux, 2000). Potentiation of the startle response, 

an amygdala-initiated response (Davis, 2000; Walker & Davis, 2002), is considered 

the most reliable index of the defense system. In contrast, memory for the 

consciously acquired association between the conditioned stimulus and its 

aversive consequence requires the hippocampus (Hunsaker & Kesner, 2013). The 

involvement of the hippocampus in processing the contingency at a cognitive 

level is supported by studies that distinguished between trace and delay 

conditioning: both patients with damage to the hippocampal formation (Clark & 

Squire, 1998) and healthy unaware subjects (Weike et al., 2007) failed to acquire 

eye-blink and startle trace conditioning, respectively. Trace conditioning is 

considered to be hippocampal dependent as it requires conscious knowledge of 
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the CS-US relationship. The amnesic patients and unaware subjects did, however, 

acquire delay conditioning at a normal rate. Delay conditioning is supposed to 

take place automatically and does not require the ability of verbalizing the 

contingencies. Crucially, during both forms of conditioning the patients and 

subjects were unaware of the CS-US contingencies, suggesting that the 

hippocampus subserves the conscious recollection of associations. Also brain 

imaging studies demonstrate the involvement of the hippocampus in trace 

conditioning, lending further support for the hypothesis that declarative 

knowledge depends on the hippocampal complex (Büchel, Morris, Dolan, & 

Friston, 1998; Knight et al., 2004). Even though the neural underpinnings of the 

emotional expression (startle response) and cognitive expression (declarative 

knowledge) of associative fear memory have been extensively investigated, the 

neural substrates for SCR remain relatively unknown (Critchley, Elliott, Mathias, & 

Dolan, 2000). Preliminary animal studies show that sympathetic arousal has its 

origins in the hypothalamus. Via subcortical projections, the hypothalamus 

innervates the sweat glands (Boucsein, 1992; Wang, 1964). Furthermore, imaging 

studies associate differential SCR during fear acquisition with cortical and 

subcortical regions, such as increased activity in the anterior cingulate cortex 

(ACC) (Büchel et al., 1998) and de-activation in the ventromedial prefrontal 

cortex (vmPFC) (Milad et al., 2007). Furthermore, the acquisition of differential SCR 

has been shown to correlate with amygdala activity (Carter, O’Doherty, Seymour, 

Koch, & Dolan, 2006), suggesting a modulatory role of the amygdala in generation 

of SCR. Involvement of the amygdala, which is typically considered to be the fear 

center of the brain, is remarkable since SCR does not seem a specific index for 

fear. Recently, it has been proposed that the role of the amygdala mediates a 

broader spectrum of functions. Suggested examples are the involvement in 

updating value representations such as stimulus-reward learning (Baxter & Murray, 

2002; Morrison & Salzman, 2010) and detecting stimulus relevance (Sander, 

Grafman, & Zalla, 2003). Consequently, not only the startle response but also SCR 

might be associated with amygdala activity. Yet, in light of the structural and 

functional complexity of the amygdala, different neural networks that both do 

involve the amygdala might underlie the two physiological measures. Startle 

potentiation, an automatic defensive reflex, is an amygdala-initiated response 

and relies on amygdalar-subcortical interactions (Davis, 2006), whereas 

electrodermal conditioning may be modulated by but does not originate from the 

amygdala. 
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Even though instructed extinction did not immediately affect the startle 

response, it did enhance the speed of extinction learning. This suggests that lower 

level automatic and higher cognitive processes are not entirely separate. Once a 

fear memory is established, the affective component of fear learning guarantees 

that an individual automatically prepares for action in the face of danger. It is 

therefore adaptive that affective learning is easily acquired, whereas its 

subsequent extinction is harder to establish. However, as we observe in the present 

study, learning at a cognitive level (i.e., the instructions on CS-US contingencies) 

does influence affective learning eventually (i.e., increase in speed of extinction of 

the startle response). Although it has been proposed that bidirectional 

connections between the amygdala, hippocampus and prefrontal cortex (PFC) 

could lie at the basis of the interaction between emotion and cognition (Salzman 

& Fusi, 2010), mechanisms of this type of emotion regulation remain poorly 

understood. 

In sum, the results of the present study support past findings of a 

dissociation between the affective and cognitive expression of fear memory. Both 

expectancy ratings and SCR closely followed the experimental contingencies. The 

verbal instructions did not have an immediate reducing effect on the startle 

potentiation, nor did they prevent the return of fear after reinstatement shocks. 

Hence, affective learning, unlike expectancy learning, is not directly susceptible to 

extinction instructions, although they enhance speed of extinction. This suggests 

that, while not directly affected by higher cognitive processes, the emotional 

component of fear memory is eventually influenced by cognition. A challenge for 

future research is to unravel the multiple processes of fear learning and memory 

and their complex interplay. 
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ABSTRACT – Ample evidence suggests that consolidated memories, upon their 

retrieval, enter a labile state, in which they might be susceptible to change. It has 

been proposed that memory labilization allows for the integration of relevant 

information in the established memory trace (memory updating). Memory 

labilization and reconsolidation do not necessarily occur when a memory is being 

reactivated, but only when there is something to be learned during memory 

retrieval (prediction error). Thus, updating of a fear memory trace should not occur 

under retrieval conditions in which the outcome is fully predictable (no prediction 

error). Here, we addressed this issue, using a human differential fear conditioning 

procedure, by eliminating the very possibility of reinforcement of the reminder cue. 

A previously established fear memory (picture-shock pairings) was reactivated 

with shock-electrodes attached (Propranolol group, n = 18) or unattached 

(Propranolol No-Shock Expectation group, n = 19). We additionally tested a 

placebo-control group with the shock-electrodes attached (Placebo group, 

n = 18). Reconsolidation was not triggered when nothing could be learned during 

the reminder trial, as noradrenergic blockade did not affect expression of the fear 

memory 24 h later in the Propranolol No-Shock Expectation group. Only when the 

outcome of the retrieval cue was not fully predictable, propranolol, contrary to 

placebo, reduced the startle fear response and prevented the return of fear 

(reinstatement) the following day. In line with previous studies, skin conductance 

response and shock expectancies were not affected by propranolol. Remarkably, 

a double dissociation emerged between the emotional (startle response) and 

more cognitive expression (expectancies, SCR) of the fear memory. Our findings 

have important implications for reconsolidation blockade as treatment strategy for 

emotional disorders. First, fear reducing procedures that target the emotional 

component of fear memory do not necessarily affect the cognitive component 

and vice versa. Second, mere retrieval of the fear memory is not sufficient to 

induce its labilization and reconsolidation. 
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BACKGROUND 

A dynamic balance between stability and plasticity of memory seems to be 

crucial for adaptation to an ever-changing environment. Stability of fear memory 

guarantees a fast response to threat and does not require continuous re-learning, 

whereas plasticity permits modification of an established memory trace, should 

conditions require such adaptation (Dudai, 2009). Plasticity of fear memory is also 

of clinical importance, as it provides a window of opportunity to target unwanted, 

excessive emotional memories such as those that underlie anxiety disorders (e.g., 

PTSD). While consolidation, the strengthening of a memory trace over time, serves 

the stability of memory (McGaugh, 1966), the process of reconsolidation, the 

protein-synthesis dependent restabilization of memory upon retrieval, allows for 

memory modification (Nader et al., 2000). Reconsolidation is typically 

demonstrated by the amnesic effects of protein synthesis inhibitors administered 

before or after memory reactivation (Nader et al., 2000; Pedreira, Pérez-Cuesta, & 

Maldonado, 2002; Sara, 2000). Recently, we demonstrated that administration of 

the β-adrenergic receptor antagonist propranolol before memory reactivation 

disrupted the emotional expression of fear memory (startle fear response) and 

prevented the return of fear 24 h later, while declarative memory remained intact 

(Kindt et al., 2009; Soeter & Kindt, 2010, 2011b). 

If retrieval per se were sufficient to render a memory trace labile, memory 

would be hypermalleable. Indeed, it has been suggested that reconsolidation 

does not necessarily occur when a memory is being reactivated, but only when 

something can be learned during memory retrieval (memory updating) (Forcato, 

Argibay, Pedreira, & Maldonado, 2009; Forcato, Rodríguez, Pedreira, & 

Maldonado, 2010; Lee, 2009; Pedreira et al., 2004). A violation of expectation 

based on prior learning ― the magnitude of the outcome or the outcome itself is 

not fully predicted (prediction error) ― is thus a prerequisite for reconsolidation to 

take place. We hypothesize that when nothing can be learned during memory 

reactivation (no prediction error), there is no need for the memory to be updated 

and reconsolidation will not be triggered. 

Here we examined in a differential fear conditioning study in humans 

whether reconsolidation of a previously established fear memory depends on the 

outcome of the reactivation trial. We applied a reactivation procedure similar to 

our previous studies (i.e., unreinforced presentation of the feared stimulus) (Kindt et 

al., 2009; Soeter & Kindt, 2010, 2011b), but discarded the reactivation trial of 

prediction error by excluding the very possibility of reinforcement. Briefly, on day 1, 
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fear acquisition was established with use of two spider pictures (Conditioned 

Stimuli; CSs). One of the pictures (CS1) was followed by an aversive electrical 

stimulation (Unconditioned Stimulus; US), while the other was not (CS2). On day 2, 

participants received propranolol before the fear memory was reactivated with a 

non-reinforced reminder presentation of the feared stimulus (CS1-R). During 

memory retrieval, shock electrodes were attached in one group (Propranolol 

group), but not in the other (Propranolol No-Shock Expectation). As such, 

presentation of the CS1 was supposed to elicit active anticipation of the US in the 

former group but not in the latter. To test whether the observed effect of the 

manipulation of shock expectation of the reminder trial was indeed related to a 

propranolol-induced disruption of reconsolidation, an additional group of 

participants received a placebo pill before memory reactivation. Similar to the 

Propranolol group, the shock electrodes were attached during the reminder 

presentation in the Placebo group. In all groups, expression of the fear memory 

was tested 24 h later (day 3). We hypothesize that a reactivation session that is 

devoid of prediction error (i.e., prior knowledge that the presentation of the 

feared stimulus (CS1-R) cannot be followed by shock) will fail to trigger 

reconsolidation. Noradrenergic blockade will disrupt reconsolidation of a 

previously acquired fear memory when learning can occur during reactivation. 

Therefore, we predict that in contrast to both the Propranolol No-SE and the 

Placebo group, administration of propranolol before memory reactivation will 

attenuate subsequent expression of the fear memory (startle fear response) in the 

Propranolol group. In line with our previous studies, declarative memory will remain 

unaffected (US-expectancies). Given the close association of the skin 

conductance response (SCR) with declarative knowledge (Hamm & Weike, 2005), 

noradrenergic blockade will not affect electrodermal responding either. 

 

MATERIALS AND METHODS 

Participants 

Sixty (19 male; 41 female) healthy undergraduate students participated in the 

study, ranging in age between 18 and 30 years, with a mean age of 21.08 years 

(SD = 2.61). All participants were free from any condition contraindicative to the 

administration of 40 mg propranolol (see 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. 
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Participants were assigned to the Propranolol group (n = 20, 7 male), the 

Propranolol No-Shock Expectation (No-SE) group (n = 20, 6 male) or the Placebo 

group (n = 20, 5 male) with the restriction that groups were matched on gender 

and Spider Phobia Questionnaire (SPQ) scores. 

 

Apparatus 

Stimuli. The conditioned stimuli (CS) consisted of 2 different images 

depicting spiders (IAPS, nr 1200; 1201). Electrical stimulation was delivered through 

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

45 mm. Shock deliverance was controlled by a Digitimer DS7A constant current 

stimulator (Hertfordshire, UK). Between the electrodes and the skin a conductive 

gel (Signa, Parker) was applied.  

Fear potentiated startle (FPS). Startle response was measured through 

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

electrodes filled with a conductive gel (Signa, Parker) 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 

hairline (Blumenthal et al., 2005). Acoustic stimuli were presented binaurally 

through headphones (Sennheiser, model HD 25-1 II). 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-1500Hz and an amplification factor of 200. 

A 50Hz 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 (28-500Hz, 

Butterworth, 4th order (Blumenthal et al., 2005)) to obtain the cleanest possible 

data without affecting response amplitude. Peak blink amplitude was determined 

in a 30-150 ms interval following probe onset. 

Skin conductance response (SCR). Electrodermal activity was measured 

using an input device with a sine-shaped excitation voltage (7.5 V) 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 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 

v6.0. Electrodermal responding to the CS was calculated by subtracting the 
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baseline (2 s before stimulus onset) from the maximum score during the 0 to 7 s 

window after CS onset. This is a well-established approach of examining 

electrodermal reactivity and has been used extensively in human 

psychophysiological research (Milad et al., 2005; Orr et al., 2000; Pineles et al., 

2009). 

Subjective distress ratings. Subjective distress was measured online during 

each image presentation, on an 11-point scale ranging from ‘not distressed at all’ 

(0) to ‘very distressed’ (10). The scale was placed at the bottom of the screen 

below the CS picture. Participants rated distress levels by shifting the cursor on the 

scale with use of the mouse and confirmed their ratings by pushing the left mouse 

button within 7 s following stimulus onset. 

US-expectancy ratings. Participants were asked to complete a graph 

representing the evolution of their US-expectancies during the experiment. US 

expectancy was depicted on the Y-axis ranging from ‘at that moment, I very 

strongly expected a shock’ (5), through ‘I didn’t know what to expect’ (0) to ‘at 

that moment, I very strongly expected no shock’ (-5). On the X-axis the different 

experimental phases were depicted (Vervliet et al., 2005).  

Drug treatment. Propranolol HCl (40 mg) and placebo pills were prepared 

by a pharmacy (Huygens Apotheek, Voorburg, The Netherlands). We measured 

blood pressure with a cuff attached to the right upper arm, using an electronic 

sphygmomanometer (Omron, model HEM-780-D). 

Subjective assessments. The Spider Phobia Questionnaire (SPQ; Klorman, 

Weerts, Hastings, Melamed, & Lang, 1974) 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. State and trait anxiety were measured with 

the State and Trait Anxiety Inventory (STAI-S/STAI-T; Spielberger, Gorsuch, & 

Lusthene, 1970) to assess the influence of propranolol on state anxiety and 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 ten startle habituation trials to stabilize baseline startle 

reactivity. To assess baseline startle responding during the experimental phases 
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startle probes alone (Noise Alone; NA) were presented in addition to the CS 

presentations. Throughout all the experimental phases participants rated their 

subjective distress during each CS presentation. Testing procedures were adapted 

from Kindt et al. (2009). For a schematic representation of the experimental design 

see Fig. 1.  

 

 
Figure 1. Schematic representation of the experimental design.  
 

Fear conditioning. All participants underwent fear conditioning on day 1. 

The CSs consisted of 2 different images depicting spiders (IAPS, nr 1200; 1201). One 

of the spider pictures (CS1) was paired with a mild shock to the wrist (US, 

determined individually to be ‘uncomfortable though not painful’) on 75% of the 

trials, whereas the other spider picture was never paired with a shock (CS2). 

Assignment of the pictures as CS1 or CS2 was counterbalanced across 

participants. Both CSs were presented 8 times for 8 s. 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). Intertrial intervals (ITI) varied from 15 s to 25 s with an average of 20 

s. All participants were instructed that one of the pictures was followed by a shock 

on most trials, while the other picture was never followed by a shock.  

Reactivation. On day 2, participants were randomly assigned to the 

Propranolol group or the Propranolol No-Shock Expectation (No-SE) group. 

Assignment to the additional Placebo group was not random. Participants in the 

Propranolol and the Propranolol No-SE group received a propranolol pill (40 mg), 

while participants in the Placebo group received a placebo pill (blind). To take 

advantage of the peak plasma levels of propranolol (Gilman & Goodman, 1996), 

the memory was reactivated 90 minutes after pill intake. We previously showed 

that propranolol did not affect the startle fear expression during memory retrieval, 

suggesting that it affected the process of reconsolidation (Kindt et al., 2009; Soeter 
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& Kindt, 2010). After attachment of the SCR and EMG electrodes, all participants 

were told that the same pictures of spiders would be presented again. Participants 

in both the Propranolol group and the Placebo group got the US-electrodes 

attached to the wrist and were instructed to remember what they had previously 

learned (i.e., CS-US contingencies). Crucially, participants in the Propranolol No-SE 

group were explicitly instructed that the CS1 would not be followed by shock. 

Additionally, the US-electrodes was not attached in this group of participants to 

ensure they believed the US not to come. By this means the reactivation trial was 

discarded of prediction error. Participants in all groups were presented with a 

single unreinforced CS1 presentation of 8 s. State anxiety and US-evaluation were 

measured before and after pill administration.  

Extinction training and reinstatement test. One day later, on day 3, the 

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

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

reveal anything regarding the occurrence of the US. During extinction, 

participants were presented with 16 unreinforced CS1 and CS2 trials. After 

extinction learning, three unsignaled reminder shocks were administered to the 

wrist. Participants were presented with five unreinforced CS1 and CS2 trials to test 

reinstatement of fear. At the end of the experiment participants retrospectively 

rated their US-expectancies. 

 

Data Analysis 

For both startle and SCR data outliers were defined for each day separately (Z > 3) 

and replaced by linear trend at point. To reduce variability of startle response, 

electrodermal activity and distress ratings data were averaged in blocks of two 

trials, with the exception of the reactivation trial and the first reinstatement test trial. 

Startle responses, US-expectancy ratings, electrodermal activity and distress ratings 

were then subjected to a mixed analysis of variance for repeated measures 

(ANOVA) with group (Propranolol vs. Propranolol No-SE; Propranolol vs. Placebo) 

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

(stimulus presentation) as within-subjects factors.  

Startle response to NA and habituation trials were analysed with use of 

mixed repeated measures ANOVAs with group (Propranolol vs. Propranolol No-SE; 

Propranolol vs. Placebo) as between-subjects factor and trial (stimulus 

presentation averaged over two trials or single trials) as within-subjects factors. 

Planned comparisons were performed for each group separately. SPQ, ASI and 



CHAPTER 4 

65 

	  

STAI-T scores were subjected to ANOVAs with group (Propranolol vs. Propranolol 

No-SE; Propranolol vs. Placebo) as between-subjects factor. Mixed ANOVAs with 

group (Propranolol vs. Propranolol No-SE; Propranolol vs. Placebo) as between-

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

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

course of blood pressure, US-evaluation and STAI-S scores. Moment-to-moment 

differences were analysed with repeated measures (ANOVA) with stimulus (CS1 vs. 

CS2; CS1 vs. NA) and trial (i.e., stimulus presentation) as within-subjects factors. 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. 

Five participants were left out for the analysis (Propranolol group, n = 18; 

Propranolol No-SE group, n = 19; Placebo group, n = 18), because of a failure to 

demonstrate successful fear acquisition. Non-successful fear conditioning was 

defined as greater NA than CS1 startle response during the second half of 

acquisition (trials 5 to 8). One subject (Propranolol No-SE group) was excluded 

from analysis of the day 2 startle response and skin conductance response data, 

due to a physiological data registering problem on day 2. 

 

RESULTS 

Questionnaires, Evaluations and Blood Pressure 

The Propranolol group did not differ in reported spider fear, anxiety sensitivity or 

trait anxiety from the Propranolol No-SE group and the Placebo group (Fs < 1.05). 

The individually set shock intensity ranged from 4 to 55 mA (M = 16.5, SD = 10.08). 

Comparing the groups with respect to US-intensity revealed higher shock intensities 

for the Propranolol group (M = 18.83, SD = 8.7) compared to the Propranolol No-SE 

group (M = 12.53, SD = 6.95) (F(1, 36) = 5.97, p < .05) but not compared to the 

Placebo group (M = 18.22, SD = 12.76) (F1, 35) < 1) (Table 1). Note that higher US-

intensities do not necessarily result in a stronger CS-US association. Still, if stronger 

fear memory would have been established in the Propranolol group, it should, if 

anything, be more difficult to weaken the subsequent fear expression in this group. 

Importantly, there were no differences in the evaluation of the US between the 

Propranolol group and the Propranolol No-SE and Placebo groups on either day 1 

or day3 (Fs < 1.50), indicating that participants experienced the US similarly. In 

addition, no differences between the Propranolol group and the Propranolol No-

SE and Placebo groups were observed in either the change of US-evaluation from 

day 1 to day 3 (Table 2) or change  in state  anxiety  (Table 3)  before and after pill  
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Table 1. Mean values (SD) of t he US-intensity, US-evaluation, reported spider fear (FSQ), 
anxiety sensitivity (ASI), and trait anxiety (STAI-T) for the Propranolol No-Shock Expectation (n 
= 19), Propranolol (n = 18), and the Placebo group (n = 18). 
 

 
Propranolol 
No-Shock 

Expectation 

 
Propranolol 

 
Placebo 

US-intensity (mA) 12.5 (6.9) 18.8 (8.7) 18.2 (12.8) 

US-evaluation day 1 -2.9 (.7) -2.8 (1.0) -2.7 (1.0) 

US-evaluation day 3 -1.9 (1.5) -2.0 (1.0) -2.4 (.8) 

Spider fear (SPQ) 4.6 (3.6) 5.8 (4.4) 6.0 (4.9) 

ASI 9.2 (4.5) 10.7 (6.0) 8.9 (6.0) 

STAI-T 32.8 (7.8) 35.4 (7.2) 35.1 (8.0) 

 
 

administration (time x group; Fs < 2.49). Finally, analysis revealed no differences in 

the course of systolic and diastolic blood pressure before and after pill intake 

between the Propranolol and the Propranolol No-SE groups (time x group; Fs(1, 35) < 

1). We observed near significant differences between the Propranolol and the 

Placebo group in the course of systolic blood pressure (time x group; F(1, 34) = 2.57, 

p = .112, η²p = .07) and diastolic blood pressure (time x group; F(1, 34) = 5.32, p = .071, 

η²p = .09) before and after pill intake. Systolic blood pressure decreased from the 

first to the second measurement in the Propranolol group  (main effect of time; F(1, 

17) = 29.10, p <.001, η²p = .63), in the Propranolol No-SE group (main effect of time; 

F(1, 18) = 29.10, p < .001, η²p = .63), but also in the Placebo group (main effect of 

time; F(1, 17) = 10.55, p < .01, η²p = .38). The course of diastolic blood pressure 

showed a significant decrease in the Propranolol group (main effect of time; F(1, 17) 

= 10.92, p < .01, η²p = .39) and the Propranolol No-SE group (main effect of time; F(1, 

18) = 10.83, p < .01, η²p = .38). Diastolic blood pressure did not decrease in the 

Placebo group (main effect of time; F(1, 17) < 1) Finally, no differences between the 

Propranolol group and the Propranolol No-SE and Placebo groups were observed 

in the change in state anxiety before and after pill administration (time x group; Fs 

< 2.49). (Table 2). 

 

 



CHAPTER 4 

67 

	  

Table 2. 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 Propranolol No-Shock 
Expectation (n = 19), Propranolol (n = 18), and the Placebo group (n = 18). 

  
 

Propranolol vs. Propranolol No-Shock Expectation (No-SE) 

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

as indicated by a gradual increase (trials 1-2 to7-8) in differentiation between CS1 

and CS2 (stimulus x time; F(2.77, 97.17) = 7.00, p < .001, η²p = .17) (Fig. 2A,B). This pattern 

did not differ between groups (stimulus x a differential startle response, as was 

indicated by more time x group; F(2.77, 97.17) < 1). Analysis of the startle data at day 2 

revealed responding to the reactivated feared stimulus (CS1-R) than to the noise 

alone (NA-R) (main effect of stimulus; F(1, 35) = 8.51, p < .01, η²p =.20). Differential 

responding during reactivation did not differ between the two groups (stimulus x 

group; F(1, 35) < 1). Hence, startle potentiation to the feared stimulus was higher 

compared to the noise alone in both the Propranolol group (main effect of 

stimulus; F(1, 17) = 4.32, p < .05, η²p = .19) and the Propranolol No-SE group (main 

effect of stimulus; F(1, 18) = 6.59, p < .05, η²p = .27). The fear potentiated startle 

response thus seems resistant to higher-order cognition (i.e., knowledge that the 

feared stimulus will not be followed by the shock), since the expression of the 

previously acquired fear association was not affected by the absence of US-

expectation. The groups did not differ in the general startle response (NA) during 

habituation and over the course of habituation (main effect of group; time x 

group, F(1, 34) < 1) on day 2, indicating that the absence of the US-electrodes during 

reactivation did not affect baseline startle responding either (for a more elaborate 

discussion on fear potentiated startle on day 2, see supplement). 

 
Propranolol 
No-Shock 

Expectation 
 

 
Propranolol 

 
 

Placebo 

 t=0 t=1  t=0 t=1  t=0 t=1 

Systolic BP 
115.7 
(13.3) 

103.1 
(11.5) 

 
119.4 
(14.4) 

106.1 
(12.1) 

 
117.1 
(11.3) 

109.3 
(12.0) 

Diastolic 
BP 

69.8 
(5.8) 

64.6 
(7.3) 

 
70.1 
(5.9) 

65.9 
(7.3) 

 
72.7 
(7.3) 

72.2   
(7.2) 

STAI-S 
31.2 
(6.8) 

28.7 
(6.5) 

 
32.4 
(6.3) 

31.3 
(5.6) 

 
33.0 
(7.2) 

31.9   
(6.6) 
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Figure 2. Mean startle response to the CS1, CS2 and Noise Alone (NA) during acquisition, 
reactivation, extinction and reinstatement test for (A), the Propranolol No-SE (n = 19) (B), 
Propranolol (n = 18) and (A), the Placebo (n = 18) conditions. Error bars represent SEM.  
 

 

As expected, analysis of startle fear response on day 3 revealed a 

difference in extinction learning (trials 1-2 to 15-16); there was larger differential 

responding (CS1 vs. CS2) in the Propranolol No-SE group compared to the 

Propranolol group (stimulus x group; F(1, 35) = 10.17, p < .01, η²p = .23) (Fig. 2A,B). 

There was no reduction in differential fear responding in the Propranolol No-SE 

group throughout the course of extinction (stimulus x time; F(4.28, 77.06) < 1). Higher 
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startle response to the feared stimulus (CS1) compared to the non-feared stimulus 

(CS2) was present not only during trials 1-2 of extinction (main effect of stimulus; F(1, 

18) = 18.69, p < .001, η²p = .51) but also at the end of extinction (trials 15-16) (main 

effect of stimulus; F(1, 18) = 7.89, p < .05, η²p = .31). We did not observe an immediate 

reduction in differential startle fear responding at the beginning of extinction (trials 

1-2) in the Propranolol group (main effect of stimulus; F(1, 17) = 15.05, p = .001, η²p = 

.47). Thus, startle responses were significantly potentiated when probed during the 

first trials (1-2) of the CS1 relative to the CS2 in the Propranolol group. This 

potentiation, however, was no longer observed during the remaining trials of 

extinction (trials 3-4; trials 15-16; main effect of stimulus; Fs(1, 17) < 2.20; stimulus x 

time; F(3.74, 63.66) < 1.10). Analysis of reinstatement testing showed an effect of group 

in differential responding during the first test trial (stimulus x group; F(1, 35) = 8.22, p < 

.01, η²p = .19). Responses to the feared 

stimulus (CS1) were higher than startle 

response to the safe stimulus (CS2) in the 

Propranolol No-SE group (main effect of 

stimulus; F(1, 18) = 9.96, p < .01, η²p = .36), 

while there was a lack of differential 

responding (CS1 vs. CS2) in the 

Propranolol group (main effect of 

stimulus; F(1, 17) < 1).  

Retrospective US-expectancy 

ratings. We observed acquisition, 

extinction and reinstatement of US-

expectancy in both groups as was 

evidenced by a significant increase in 

differential US-expectancy (CS1 vs. CS2) 

from the beginning to the end of 

acquisition (stimulus x time; F(1, 35) = 

336.36, p < .001, η²p = .91), a decrease in 

differential US-expectancy from the 

beginning to the end of extinction 

learning (stimulus x time; F(1, 35) = 62.28, p 

< .001, η²p = .64) and an increase in 

differential US-expectancy from end of 

 
 
 
Figure 3. Mean retrospective expectancy of 
the unconditioned stimulus (US) during 
acquisition, reactivation, extinction and 
reinstatement test for (A), the Propranolol 
No-SE (n = 19) (B), Propranolol (n = 18) 
and (A), the Placebo (n = 18) conditions. 
Error bars represent SEM. 
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extinction to test (stimulus x time; F(1, 35) = 11.56, p < .01, η²p = .25) (Fig. 3A,B), 

respectively. There were no differences between the groups (stimulus x time x 

group; Fs(1, 35) <1), except for the predicted difference in US-expectancy ratings 

during reactivation from the end of acquisition to the reactivation trial (time x 

group; F(1, 35) = 110.71, p < .001, η²p = .76). As may be expected from our 

manipulation, CS1 ratings were significantly reduced from the end of acquisition to 

the reactivation trial (CS1-R) in the Propranolol No-SE group (main effect of time; 

F(1, 18) = 125.04, p < .001, η²p = .87),whereas ratings remained stable in the 

Propranolol group (main effect of time; F(1, 17) < 1). 

An intriguing finding is the double dissociation between the startle fear 

response and US-expectancy ratings during reactivation (day 2) and 

reinstatement test (day 3). Participants in the Propranolol No-SE group did not to 

expect the occurrence of the US (Fig. 3A) during reactivation (CS1-R), whereas the 

startle potentiation persisted in response to the feared stimulus at the reactivation 

trial (Fig. 2A). In contrast, participants in the Propranolol group expected the 

occurrence of the US at reinstatement testing (Fig. 3B), while the startle response 

to the feared stimulus was absent at the reinstatement test trial (Fig. 2B).  

Skin conductance response (SCR). An increase in differential 

electrodermal activity showed acquisition of SCR on day 1 (trials 1-2 to 7-8) 

(stimulus x time; F(3, 114) = 4.83, p < .01, η²p = .11). This pattern did not differ between 

groups (stimulus x time x group; F(3, 114) < 1.54). However, the groups differed on 

general skin conductance levels (main effect of group; F(1, 35) = 4.20, p < .05, η²p = 

.11). To correct for differences between groups in general levels of electrodermal 

responding, skin conductance responses (SCR) were standardized using within-

participants Z-scores. Again we observed acquisition of SCR on day 1 (trials 1-2 to 

7-8) (stimulus x time; F(3, 105) = 5.32, p < .01, η²p = .13) (Fig. 4A,B), in absence of a 

group difference (stimulus x time x group; F(3, 105) < 1.91) or difference in general 

skin conductance levels (main effect of group; F(1, 35) <1). Notably, there was a 

significant difference in SCR from the end of acquisition (trials 7-8) to reactivation 

between the two groups (time x group; F(1, 35) = 4.92, p < .05, η²p = .12). In line with 

the US-expectancy ratings, the electrodermal responding to the feared stimulus 

(CS1) decreased from the end of acquisition (trials 7-8) to the reactivation trial 

(CS1-R) in the Propranolol No-SE group (main effect of stimulus; F(1, 18) = 5.15, p < 

.05, η²p = .22), while responses to the feared stimulus remained stable in the 

Propranolol group (main effect of stimulus; F(1, 17) < 1.06). 
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Extinction learning on day 3 (trials 1-2 to 15-16) generated a significant 

decrease in differential responding (stimulus x time; F(4.62, 161.44) = 2.37, p < .05, η²p 

=06) and no differences between groups were observed (stimulus x time x group; 

F(4.62, 161.44) < 1). The three reminder shocks yielded a reinstatement of differential 

SCR at the test trial (main effect of stimulus; F(1, 35) = 10.58, p < .01, η²p = .23) (Fig. 

4A,B).  

 

 
	  

Figure 4. Mean skin conductance responses to the CS1 and CS2 during acquisition, 
reactivation, extinction and reinstatement test for (A), the Propranolol No-SE (n = 19) (B), 
Propranolol (n = 18) and (A), the Placebo (n = 18) conditions. Error bars represent SEM. 

Propranolol No−Shock Expectation
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 7−8 1 1−2 3−4 5−6 7−8 9−10 11−12 13−14 15−16 1

−0.8
−0.6
−0.4
−0.2

0
0.2
0.4
0.6
0.8
1

1.2

CS1 CS2

Propranolol

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 7−8 1 1−2 3−4 5−6 7−8 9−10 11−12 13−14 15−16 1

−0.8
−0.6
−0.4
−0.2

0
0.2
0.4
0.6
0.8
1

1.2

CS1 CS2

Placebo

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 7−8 1 1−2 3−4 5−6 7−8 9−10 11−12 13−14 15−16 1

−0.8
−0.6
−0.4
−0.2

0
0.2
0.4
0.6
0.8
1

1.2

CS1 CS2



ABSENCE OF PREDICTION ERROR 
	  
	  

72 

	  

Similar to the expectancy data, we observed no differences in 

reinstatement effect for the two groups (stimulus x time x group; F(1, 35) < 1). In line 

with our previous findings (Soeter and Kindt, 2010; 2011), skin conductance 

responding closely corresponded to the observed pattern of US-expectancy 

ratings. 

 

Propranolol vs. Placebo 

The startle fear response disappeared quickly and did not return after a well-

known recovery method (reinstatement) in the Propranolol group. However, there 

were some savings of the fear memory at the beginning of day 3 during the 

extinction training. The non-reinforced reactivation trial may already have elicited 

some extinction learning, whereas in the Propranolol No-SE group the participants 

did not learn anything during memory reactivation. To ascertain that the 

weakened startle response on day 3 could be attributed to disruption of the 

reconsolidation process, we tested an additional Placebo group.  

 Fear potentiated startle. We observed successful fear learning on day 1, 

evidenced by an increase (trials 1-2 to 7-8) in differential (CS1 vs. CS2) startle 

responding (stimulus x time; F(2.77, 97.17) = 7.00, p = .001, η²p = .17) (Fig. 2B,C). The 

Placebo group did not differ in fear learning from the Propranolol group (stimulus x 

time x group; F(3, 102) < 1). Analysis of startle fear response on day 2 revealed more 

startle responding to the reactivated feared stimulus (CS1-R) than to the noise 

alone (main effect of type; F(1, 34) = 10.59, p < .01, η²p = .24), which did not differ 

between the groups (stimulus x group; F(1, 34) < 1). Hence, noradrenergic blockade 

did not dampen potentiation of the startle response during memory reactivation. 

The groups did also not differ in the general startle response (NA) during 

habituation and over the course of habituation on day 2 (main effect of group; 

time x group, Fs(1, 34) < 1.53). Thus, propranolol administered before memory 

reactivation did not affect baseline startle responding either.  

In line with our prediction, the Placebo and Propranolol group differed 

over the course of extinction learning (trials 1-2 to 15-16) (time x group; F(4.70, 170.16) = 

4.20, p < .01, η²p = .11) (Fig. 2B,C). In contrast to the Propranolol group (see section 

3.2.1), extinction training induced a significant reduction in differential startle 

responding in the Placebo group (stimulus x time; F(7, 119) = 2.28, p < .05, η²p = .12). 

Indeed, higher startle response to the feared stimulus (CS1) compared to the non-

feared stimulus (CS2) was present at the beginning of extinction (trials 1-2) (main 
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effect of stimulus; F(1, 17) = 14.00, p < .01, η²p = .45), while differential responding was 

absent at the end of extinction (trials 15-16) (main effect of stimulus; F(1, 17) < 1). 

We observed a difference between groups in differential startle response 

at reinstatement test (stimulus x group; F(1, 34) = 5.78, p < .05, η²p = .15) (Fig. 2B,C). 

Contrary to the Propranolol group (see section 3.2.1), the fear response recovered 

in the Placebo group as is indicated by more startle potentiation to the feared 

stimulus (CS1) than to the safe stimulus (CS2) at test (main effect of stimulus; F(1, 17) = 

6.13, p < .05, η²p = .27). 

Retrospective US-expectancy ratings. We observed acquisition (stimulus x 

time; F(1, 38) = 303.45, p < .001, η²p = .89), extinction (stimulus x time; F(1, 34) = 69.11, p < 

.001, η²p = .67) and reinstatement (stimulus x time; F(1, 38) = 7.18, p < .01, η²p = .17) of 

differential US-expectancy ratings (Fig. 3B,C). Ratings to the feared stimulus (CS1) 

remained stable from the end of acquisition to the reactivation trial (main effect 

of stimulus; F(1, 34) < 1). Administration of propranolol contrary to placebo did not 

affect US-expectancy ratings. That is, analysis of variance revealed no differences 

between the groups (time x group; stimulus x time x group; Fs(1, 34) < 1.58). 

Skin conductance response. Electrodermal conditioning on day 1 was 

evidenced by an increase (trials 1-2 to 7-8) in differential responding (CS1 vs. CS2) 

(stimulus x time; F(3, 102) = 5.09, p < .01, η²p = .13) (Fig. 4B,C). Response to the 

reactivation trial (CS1-R) remained stable relative to trials 7-8 of acquisition (main 

effect of time; F(1, 34) < 1.43). Extinction training (trials 1-2 to 15-16) did not induce 

the expected decrease in differential electrodermal responding (stimulus x time; 

F(1, 34) < 1.20). However, while differential electrodermal responding to the feared 

stimulus (CS1) was significantly higher than responding to the safe stimulus (CS2) at 

the beginning of extinction (trials 1-2) (main effect of stimulus; F(1, 34) = 7.34, p < .01, 

η²p = .18), differential responding was absent at the end of extinction (trials 15-16) 

(main effect of stimulus; F(1, 34) < 1) (Fig. 4B,C). Analysis of reinstatement testing 

revealed more electrodermal responding to the feared stimulus (CS1) compared 

to the safe stimulus (CS2) at the test trial (main effect of stimulus; F(1, 34) = 5.44, p < 

.05, η²p = .14) (Fig. 4B,C). We observed no differences between the Placebo and 

the Propranolol group (stimulus x time x group; stimulus x group; Fs <1). In sum, 

noradrenergic blockade did not affect the conditioned electrodermal 

responding. Online subjective distress ratings closely mirrored the US-expectancy 

and the SCR data (see supplementary data).  
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DISCUSSION 

The present findings show that reconsolidation of a human fear memory is not 

triggered when nothing can be learned from the memory retrieval session. That is, 

administration of the β-adrenergic receptor antagonist propranolol prior to 

reactivation did not affect the startle fear response 24 h later, when the outcome 

of the reminder trial was perfectly predictable (no prediction error). Noradrenergic 

blockade did reduce the startle fear response on day 3, when there was 

something to be learned during the reactivation session (prediction error). 

Although there were some savings of the originally acquired fear association at 

initial testing on day 3, the fear response was absent after the first two trials of 

extinction and did not recover after the reminder shocks.  

An alternative explanation for reduced startle responding on day 3 in the 

Propranolol group is that it reflects a facilitation of extinction learning rather than a 

propranolol-induced disruption of reconsolidation of the original memory. 

Extinction learning may have been initiated during reactivation when the feared 

stimulus was not followed by the expected shock. This interpretation is, however, 

unlikely since the non-reinforced reminder trial did not result in diminished startle 

responding on day 3 in the Placebo group. Also, as propranolol has been shown 

to impede extinction learning (Mueller, Porter, & Quirk, 2008; Ouyang & Thomas, 

2005), its impairment during the retrieval session should have resulted in enhanced 

rather than diminished fear responding on day 3. Contrary to our previous studies, 

differential startle responding was still present at the beginning of extinction in the 

Propranolol group, indicating that memory of the original fear association was not 

fully disrupted. An explanation in terms of propranolol effects on the course of 

systolic blood pressure could possibly account for this finding. Propranolol intake 

resulted only in near significant decreases in systolic and diastolic blood pressure 

compared to placebo. This contrasts with previous studies that observed a drop in 

either systolic and diastolic blood pressure (Kindt et al., 2009; Soeter & Kindt, 2010) 

or only systolic blood pressure (Tollenaar, Elzinga, Spinhoven, & Everaerd, 2009; van 

Stegeren, Rohleder, Everaerd, & Wolf, 2006). The finding that propranolol did not 

exert its normal physiological effect suggests that noradrenergic blockade was not 

optimal. Consequently, reconsolidation of the fear memory may not have been 

fully disrupted. Higher dosage of propranolol or a dosage adjusted to bodyweight 

could possibly enhance propranolol efficacy. 

We used fear-relevant stimuli (spider pictures) to establish associative fear 

memory. As fear associations are much stronger for fear-relevant stimuli than 
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neutral stimuli (Lang, Bradley, & Cuthbert, 2008), and most anxiety disorders are 

developed for these categories of stimuli, we are specifically interested in 

targeting strong fear memory. Nonetheless, fear conditioning studies using these 

stimuli have been criticized. Fear-relevant stimuli are supposed to have an innate 

pre-potency for eliciting fear responses (Lovibond et al., 1994). According to this 

hypothesis, enhanced physiological responding (startle response) to the CS1 could 

just be the result of sensitization by the aversive stimulus (US) instead of associative 

learning. Subsequently, noradrenergic blockade during reactivation could have 

desensitized the fear response, instead of targeting the association itself. However, 

our results clearly refute this alternative hypothesis by demonstrating that solely the 

presentation of the feared stimulus (CS1) after propranolol intake was not sufficient 

to reduce the fear response 24 h later. Note that, ideally, a reconsolidation-

blocking agent would be administered immediately after reactivation of the 

memory to exclude possible interference with memory retrieval. In view of the 

peak levels (Gilman & Goodman, 1996), propranolol was given before memory 

retrieval. The finding that the expression of the fear response was not affected 

when propranolol was on board, suggests that noradrenergic blockade did not 

interfere with memory retrieval but rather with reconsolidation of the memory.  

Furthermore, we demonstrate an exciting double dissociation between 

the emotional and cognitive components of the fear memory. First, the startle 

response remained intact in participants who did not expect the shock (US) during 

memory reactivation. Second, in line with our previous studies, disrupting 

reconsolidation reduced the startle fear response while declarative memory was 

not affected (Kindt et al., 2009; Soeter & Kindt, 2010). Thus, in addition to targeting 

the fear response and leaving declarative knowledge intact, contingency 

knowledge can be manipulated separately from the automatic startle fear 

response. These findings stress the involvement of multiple and dissociable memory 

systems in fear learning. Acquisition and expression of conditioned fear both 

depend on amygdala functioning, while memory for the association between the 

conditioned stimulus and its aversive consequence relies on the hippocampus 

(Hunsaker & Kesner, 2013). Here we provide evidence that the startle response ― 

as it is a fear-specific, amygdala-initiated response ― is resistant to hippocampal-

mediated knowledge about CS-US contingencies. Furthermore, our finding that 

startle potentiation remained intact in the Propranolol No-SE group demonstrates 

that memory expression can also dissociate from mechanisms that induce 

labilization of the memory trace. This is in line with a study by Mamou, Gamache, 
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and Nader (2006) showing a double dissociation between the mechanisms 

mediating memory labilization and the mechanisms that underlie the behavioural 

expression of memory. 

Electrodermal responses were not affected by reconsolidation blockade, 

but showed a pattern very similar to US-expectancy (see also Soeter & Kindt, 2010; 

2011). Electrodermal activity is supposed to reflect the more cognitive level of 

associative learning and shows a close association with declarative knowledge 

(Weike et al., 2007). Our finding that propranolol did not affect the cognitive 

component of the fear memory does not imply that reconsolidation cannot be 

triggered at other levels of memory representation. Readjusting fear learning to 

the current changes in the environment might occur under different conditions 

than adjustment of contingency learning. Stated differently, amygdala-based 

plasticity and hippocampus-based plasticity might call for specific reactivation 

conditions.  

 The present study sheds light on the retrieval-labilization-restabilization 

sequence involved in reconsolidation. Memory reactivation, either with or without 

anticipation of the shock (US), did not affect the emotional expression of the fear 

memory (startle reponse). Thus, retrieval per se seems not to be sufficient to trigger 

reconsolidation. This confirms previous findings in aversive learning in the crab 

Chasmagnathus that reconsolidation does not start at CS onset but is triggered by 

CS offset (Pedreira et al., 2004), but only when termination of the reminder cue co-

occurs with a violation based upon previous learning (prediction error). We argue 

that the prediction error of a reminder session is defined by the interaction 

between the available information and the learning history. This is in line with 

general learning models of classical conditioning (Hull, 1943; Rescorla & Wagner, 

1972). According to these models, not the mere co-occurrence of CS and US, but 

the discrepancy between what has already been learned and what can be 

learned determines the degree of learning on each trial. The associative strength 

between CS and US reaches asymptotic levels after multiple conditioning trials. In 

case of asymptotic levels of learning, an additional learning trial (CS-US) does not 

affect memory, since the memory cannot gain in strength. For reconsolidation, 

both reinforced and non-reinforced reactivation trials are capable of destabilizing 

memory (Duvarci & Nader, 2004; Lee, 2008). Again, the learning history may define 

whether (non)reinforcement acts as a boundary condition for reconsolidation. 

In sum, our data indicate that the updating of human fear memory does 

not take place when there is nothing to be learned during memory retrieval. 
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Furthermore, while the emotional and cognitive expression of fear memory usually 

converge in fear conditioning studies, we uncovered a double dissociation 

between these different response systems. The present findings provide insight into 

the necessary and boundary conditions for memory reactivation to transform our 

fear memories from a fixed state to one that is amenable to change. Such an 

understanding is critical if we are to consider reconsolidation blockade as a novel 

therapeutic strategy for treating people suffering from emotional disorders. 
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Supplementary Material 
 

RESULTS 

Propranolol vs. Propranolol No-Shock Expectation (No-SE)  

Fear potentiated startle memory reactivation. One could argue that the 

differential startle response during reactivation (stronger response to CS1-R than 

NA) resulted from dishabituation. Given that the startle reflex habituates after 10 

NA trials, the presentation of a fear-relevant picture in itself could have 

potentiated the response, irrespective of the picture’s association to the US. If so, 

the startle responses to the firstly presented CS2 on day 3 should also yield such a 

dishabituation effect (CS2 was also a fear-relevant stimulus). Yet, the startle 

response to the CS2 during trials 1-2 of extinction was not increased and similar to 

the NA (main effect of stimulus; F(1, 35) < 1; no differences between groups: stimulus 

x group; F(1, 35) < 1), irrespective of whether extinction started with CS1 or CS2 

(stimulus x order; F(1, 35) < 1). Thus, the presentation of a CS2 did not induce 

potentiation of the startle response upon its first presentation after habituation. 

Accordingly, startle potentiation to the fear-relevant picture during reactivation 

(CS1-R) cannot simply be attributed to dishabituation of the startle response either. 

 

Online Distress Ratings 

Participants (n = 2; Propranolol No-SE group) that reported not to experience 

distress during acquisition were excluded from analysis (scores of 0 on trials 7-8 of 

acquisition on both CS1 and CS2). Additionally, due to technical problems we 

excluded one participant in the Propranolol group from analysis of acquisition 

distress ratings. 

Propranolol vs. Propranolol No-Shock Expectation (No-SE). There was 

acquisition of distress, as evidenced by a significant increase in differential distress 

ratings (CS1 vs. CS2) on day 1 (trials 1-2 to 7-8) (stimulus x time; F(1.71, 54.82) = 51.83, p 

< .001, η²p = .62) (Fig. S1A,B). A differential decrease in distress ratings was observed 

during extinction learning on day 3 (trials 1-2 to 15-16) (stimulus x time; F(1, 32) = 

31.02; p < .001, η²p = .49).  Furthermore, we observed a reinstatemenT effect from 

the end of extinction (trials 15-16) to the test trial (stimulus x time; F(1.73,55.39) =  24.09, 

p < .001, η²p = .43) (Fig. S1A,B). Importantly, there were no differences between 

groups (Fs(1, 32) < 1), except for the predicted decrease in distress ratings in the 
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Propranolol No-SE group from end of acquisition (trials 7-8) to reactivation, while 

responses in the Propranolol group remained stable (time x group; F(1, 32) = 5.18, p < 

.05, η²p = .14). Thus, reactivation of the fear memory after administration of 

propranolol with the US-electrodes either attached or unattached does not affect 

subjective distress ratings 24 h later. Instead ratings closely mirror the US-

expectancy and SCR data.  

 

 

 

Figure S1. Mean distress ratings to the CS1 and CS2 during acquisition, reactivation, extinction 
and reinstatement test for (A), the Propranolol No-SE (n = 19) (B), Propranolol (n = 18) and (A), 
the Placebo (n = 18) conditions. Error bars represent SEM 
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 Propranolol vs. Placebo. We observed acquisition of distress 

demonstrated by a significant increase in differential distress ratings (CS1 vs. CS2) 

on day 1 (trials 1-2 to 7-8) (stimulus x time; F(1.78, 60.65) = 37.18  p < .001, η²p = .52) (Fig. 

S1B,C). Responses to the feared stimulus (CS1) remained stable from the last trials 

(7-8) of acquisition to the reactivation trial (CS1-R) (main effect of time; F(1, 34) < 

2.04) and did not differ between the groups (time x group; F(1, 34) < 1). 

Administration of propranolol before memory reactivation did not affect distress 

ratings. The groups did differ in the course of extinction learning (trials 1-2 to 15-16) 

(stimulus x time x group; F(1.94, 66.07) = 2.62, p < .01, η²p = .14). Differential ratings did 

near significantly extinguish in the Placebo group (stimulus x time; F(2.13, 36.26) = 2.77, 

p = .07), while extinction training induced a significant reduction of differential 

ratings in the Propranolol group (stimulus x time; F(1.75, 29.69) = 12.32, p < .001, η²p = 

.42) The group interaction with extinction learning (trials 1-2 to 15-16) could be due 

to differences in distress learning on day 1 (trials 1-2 to7-8) (stimulus x time x group; 

F(1.75, 60.65) = 3.98, p = .028, η²p = .11). While differential responding was similar on trials 

1-2 of acquisition (stimulus x group; F(1, 34) < 1), differential ratings on trials 7-8 of 

acquisition were greater in the Propranolol group than in the Placebo group 

(stimulus x group; F(1, 34) = 4.71, p = .037, η²p = .12). Poor acquisition learning could 

have resulted in a failure to extinguish subjective distress. Finally, the unpredicted 

shocks generated an increase in differential ratings from the end of extinction 

(trials 15-16) to the test trial (stimulus x time; F(1, 34) = 9.77, p = .004, η²p = .22), which 

did not differ between groups (stimulus x time x group; F(1, 34) < 1) (Fig. S1B,C). 

In sum, propranolol did not affect distress ratings. When the US-electrodes 

were not attached during day 2, the memory reactivation distress ratings were 

decreased on-line but were unaffected 24 h later at test. Interpretation of 

Placebo results is problematic due to a weak acquisition. Absence of a 

propranolol effect could be attributed to the experimental paradigm used in the 

present study. That is, similar to contingency learning, the reactivation conditions 

may not have been optimal to trigger reconsolidation of distress memory. An 

alternative proposition is that subjective ratings might not be suitable to assess the 

level of distress that participants experience. Subjective distress ratings as used 

here are straightforward and, therefore, reflect a more contingency-like learning 

than actual experienced distress. Startle and subjective ratings may reflect distinct 

aspects of anxiety, with “startle assessing primitive-defensive-reflex systems and 

verbal report assessing elaborative cognitive systems” (Grillon et al., 2009; p. 902). 
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In any case, subjective distress measures as applied in the present study are, 

unfortunately, not apt to investigate the subjective distress component.  
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ABSTRACT - Although reconsolidation opens up new avenues to erase excessive 

fear memory, subtle boundary conditions put constraints on retrieval-induced 

plasticity. Reconsolidation may only take place when memory reactivation 

involves an experience that engages new learning (prediction error). Thus far it has 

not been possible to determine the optimal degree of novelty required for 

destabilizing the memory. The occurrence of prediction error could only be 

inferred from the observation of a reconsolidation process itself. Here, we provide 

a non-invasive index of memory destabilization that is independent from the 

occurrence of reconsolidation. Using this index we show in humans that prediction 

error is (i) a necessary condition for reconsolidation of associative fear memory 

and (ii) determined by the interaction between original learning and retrieval. 

Insight into the process of memory updating is crucial for understanding the 

optimal and boundary conditions on reconsolidation and provides a clear guide 

for the development of reconsolidation-based treatments. 
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BACKGROUND 

A consolidated fear memory can enter a transient labile phase upon its 

reactivation. Pharmacological blockade of the subsequent protein synthesis 

dependent restabilization (reconsolidation) produces a memory deficit in both 

animals (Nader et al., 2000) and humans (Kindt et al., 2009). However, an 

independent measure for memory destabilization, other than the occurrence of 

reconsolidation itself, is not yet available. The functional role of reconsolidation 

might be to keep memories up to date with new learning. Indeed, reconsolidation 

is triggered only when there is opportunity for new learning to take place during 

reactivation (Morris et al., 2006; Pedreira et al., 2004; Sevenster et al., 2012a). 

Because associative learning requires prediction error (PE) (i.e., a discrepancy 

between actual and expected events) (Rescorla & Wagner, 1972), 

reconsolidation might also be a PE driven process. Even though it has frequently 

been suggested, there is no experimental evidence that PE is a necessary 

condition for reconsolidation. So far, PE could only be inferred from effective 

reconsolidation without an independent assessment of PE driven re-learning 

(Morris et al., 2006; Pedreira et al., 2004; Sevenster et al., 2012a). Unveiling a crucial 

role for PE in reconsolidation of fear memory ― which may serve as an index for 

memory destabilization independent from the process of reconsolidation itself ― 

will provide a clear guide for developing treatments to permanently reduce 

unwanted and excessive fears (such as posttraumatic stress disorder). 

General associative learning models (Rescorla & Wagner, 1972) argue 

that PE is not determined by the mere co-occurrence of the conditioned stimulus 

(CS) and unconditioned stimulus (US), but by the discrepancy between what has 

already been learned (learning history) and what can be learned on a given trial. 

If memory retrieval follows a fully reinforced asymptotic learning episode, omission 

of a predicted reinforcement during reactivation (negative PE) (Waelti, Dickinson, 

& Schultz, 2001) may destabilize a consolidated memory during its reactivation, 

whilst a reinforced reactivation trial would leave the memory intact given that PE 

would then be absent. In contrast, if memory retrieval follows a partially reinforced, 

non-asymptotic learning episode, a similar reinforced reminder trial (positive PE) 

(Waelti et al., 2001) should generate additional learning and consequently be 

capable of inducing post-retrieval plasticity, because memory strengthening 

through further learning also requires reconsolidation mechanisms (Lee, 2008).  

The noradrenergic β-blocker propranolol administered either before or 

after memory retrieval eliminates affective responding (fear potentiated startle) in 
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human participants but leaves the predominantly cognitive component of fear 

(US-expectancy ratings, skin conductance response) intact (Soeter & Kindt, 2010, 

2011b). Given that propranolol does not affect declarative memory when 

reactivated with a single trial, online US-expectancy ratings during acquisition, 

retrieval and test could serve as an independent measure to test whether PE 

driven re-learning during reactivation is essential for reconsolidation of affective 

fear memory. The current study had a threefold aim: (i) to examine the role of PE in 

reconsolidation of fear memory, (ii) to examine whether PE depends on the 

interaction between the available information during reactivation and the 

learning history and (iii) to provide a measure for memory destabilization that is 

independent from the occurrence of reconsolidation itself. 

In a human differential fear conditioning paradigm we tested two groups 

in which fear acquisition was fully reinforced (100% of the trials) (Fig. 1A,B). To 

ensure that asymptotic learning was indeed realized, the participants received 

explicit instructions regarding the contingencies between the conditioned stimuli 

(CS) and the unconditioned stimulus (US). On day 2 the memory was reactivated 

through either an unreinforced (Negative PE group; n = 15) or a reinforced (No PE 

group; n = 15) reactivation trial, followed by administration of propranolol (40 mg) 

(Fig. 1A,B). PE driven cognitive re-learning and corresponding reconsolidation 

should occur in the Negative PE group but not in the No PE group. We tested a 

third group to examine whether PE depends on the interaction between the 

information presented during reactivation and the learning history. In this group 

acquisition was partially reinforced (33% of the trials) and the memory was 

reactivated with a reinforced reminder trial (Positive PE group; n = 15), followed by 

administration of propranolol (40 mg) (Fig. 1A,B). In contrast to the full-

reinforcement condition, here the reinforced reminder trial should induce PE 

driven additional learning given that a partial reinforcement schedule will not 

induce asymptotic learning. As such, a reinforced reactivation trial might also 

induce reconsolidation. Noradrenergic blockade after memory retrieval should 

disrupt reconsolidation ― operationalized as a reduction in conditioned startle 

fear responding ― in both the Negative PE and Positive PE group but not in the No 

PE group. On day 3 all groups underwent an extinction session followed by a 

reinstatement procedure to test to what extent the original fear memory trace 

was weakened (Fig. 1A,B). 
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 Figure 1. (A) Schematic representation of the experimental design. (B) Reinforcement 
schedule of the CS1 during the acquisition and reactivation phase for the Negative PE (n = 15), 
No PE (n = 15), and Positive PE (n = 15) groups.  
 

RESULTS 

All three groups showed fear learning and memory reactivation on day 1 and day 

2 respectively for the startle fear response and online US-expectancy ratings 

(Supplementary Data). Analyses of differential US-expectancy ratings (CS1 vs. CS2) 

from the last trial of acquisition (day 1) to the first trial of extinction (day 3) 

revealed differences between the three groups (stimulus x trial x group, F(2, 42) = 

25.44, p < .001, η²p = .55). Follow-up analyses of the differential US-expectancy 

ratings from the last trial of acquisition (day 1) to the first trial of extinction (day 3) 

revealed a decrease in the Negative PE group (stimulus x trial x group, F(1, 28) = 8.18,  
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Figure 2. Mean US-expectancy ratings to the CS1 and CS2 trials during acquisition, 
reactivation, extinction and reinstatement test (A-C). US-expectancy ratings decreased from the 
end of acquisition to the beginning of extinction in the Negative PE group (n = 15, A), remained 
similar in the No PE group (n = 15, B) and increased in the Positive PE group (n = 15, C). Error 
bars represent SEM. 
 

 

p < .008, η²p = .23) and an increase in the Positive PE group (stimulus x trial x group, 

F(1, 28) = 42.98, p < .001, η²p = .61) relative to the No PE group (Fig. 2). A non-

reinforced reactivation trial resulted in a decrease in differential US-expectancy 

ratings from the last trial of acquisition (day 1) to the first trial of extinction (day 3) 

when acquisition was fully  reinforced (Negative PE) (stimulus x trial, F(1, 14) = 18.46, p  
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Figure 3. Mean startle responses to the CS1 and CS2 trials during acquisition, reactivation, 
extinction and reinstatement test (A-C). Propranolol affected the startle response in both the 
Negative PE group (n = 15, A) and Positive PE group (n = 15, C) but not in the No PE group (n 
= 15, B). Error bars represent SEM. 
 

 

< .001, η²p =  .57) (Fig. 2A). Reinforcement of reactivation left the US-expectancy 

ratings unaffected in the No PE group (stimulus x trial, F(1, 14) < 2.47) (Fig. 2B). 

However, when acquisition had been partially reinforced a similar reactivation trial 

resulted in an increase in US-expectancy ratings (Positive PE group; stimulus x trial, 

F(1, 14) = 31.72, p < .001, η²p = .69) (Fig. 2C). 
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The three groups differed in startle responding on the first retention trial of 

extinction on day 3 (stimulus x group, F(2, 42) = 6.49, p < .003, η²p = .24). Propranolol 

reduced the differential startle response (CS1 vs. CS2) on the first extinction trial in 

both the Negative PE (stimulus x group, F(1, 28) = 10.76, p < .003, η²p = .28) and 

Positive PE group (stimulus x group, F(1, 28) = 7.89, p < .009, η²p = .22), compared to 

the No PE group. Indeed, propranolol completely erased differential responding 

on the first extinction trial in the Negative PE (main effect stimulus, F(1, 14) < 1) (Fig. 

3A) and Positive PE group (main effect stimulus, F(1, 14) < 1) (Fig. 3B). In contrast, this 

propranolol-induced amnesia was not observed when reactivation was devoid of 

new learning, as indicated by the differential startle response that was still present 

on the first extinction trial in the No PE group (main effect stimulus, F(1, 14) = 13.47, p 

< .003, η²p = .49) (Fig. 3C). Given that propranolol eliminated differential responding 

in the reactivation conditions under which new learning occurred, the three 

groups differed over the course of extinction learning (trial 1 vs. trial 12) (stimulus x 

trial x group, F(2, 42) = 5.23, p < .009, η²p = .20) (Supplementary Data). Thus, 

propranolol affected startle fear responding only in those groups (Negative PE and 

Positive PE) in which the reactivation trial resulted in changes in cognitive learning, 

be it incremental or decremental.  

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

groups on the reinstatement test trial approached significance (stimulus x group, 

F(2, 42) = 2.25, p < .118, η²p = .10). This small effect can be attributed to a general 

increase in startle responding from the end of extinction (trial 12) to the test trial in 

the No PE group (main effect trial, F(1, 14) = 10.20, p < .006, η²p = .42), which is 

typically observed after unpredictable shocks following fear extinction (2). Re-

analysing the differential startle response to the test trial with the noise alone (NA) 

trial as the control stimulus (CS1 vs. NA) revealed, however, a significant difference 

between the three groups (stimulus x group, F(2, 42) = 5.57, p < .007, η²p = .21). Follow-

up analyses revealed significantly more differential responding in the No PE group 

compared to both the Negative PE (stimulus x group, F(1, 28) = 13.25, p< .001, η²p =  

.32) and Positive PE group (stimulus x group, F(1, 28) = 7.38, p < .011, η²p = .21). The 

startle response indeed recovered in the No PE group as indicated by stronger 

conditioned responding to  the  CS1 compared to the NA (main effect stimulus, F(1, 

14) = 24.01, p < .001, η²p = .63) (Fig. 3B), while no return of fear was observed in either 

the Negative PE (main effect stimulus, F(1, 14) < 1.44) (Fig. 3A) or the Positive PE 

group (main effect stimulus, F(1, 14) < 1) (Fig. 3 C). Affective fear memory was only 

disrupted when actual learning took place during memory retrieval, showing that 
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post-retrieval plasticity depends on PE driven re-learning. Fear memory 

destabilization was not necessarily triggered by the absence of US-reinforcement 

(i.e., an extinction trial) but was also induced by a reinforced retrieval trial when 

fear learning on the previous day involved a partial reinforcement schedule. PE 

was determined by the interaction between the learning history and the retrieval 

session. PE driven learning ― operationalized by a change in US-expectancy from 

the end of acquisition (day 1) to the beginning of memory testing (day 3)― may 

be used as a non-invasive index for memory destabilization.  

 

DISCUSSION 

The application of post-retrieval amnesic agents is considered to be a highly 

promising procedure to target excessive emotional memories typically observed in 

patients suffering from psychiatric disorders (such as posttraumatic stress disorder, 

addiction). However, the feasibility of disrupting reconsolidation may also be 

criticized given the subtle boundary conditions under which the amnesic agents 

do not affect memory (for review see Nader & Hardt, 2009). Reconsolidation is 

supposed to occur when the retrieval experience is similar but not identical 

(Biedenkapp & Rudy, 2004) to the original learning. Yet, a retrieval session that is 

too different from the original learning procedure might not cause destabilization 

of the original memory trace (Hunsaker & Kesner, 2013) but instead initiate the 

formation of a new memory trace such as in extinction learning (Bos et al., 2012). 

Without an independent index of memory destabilization other than the memory 

enhancing or amnesic effects of the manipulations themselves, determining the 

degree of similarity (or dissimilarity) between learning and retrieval presents a 

problem for empirical falsifiability (Finnie & Nader, 2012). 

Criteria for optimal (dis)similarity cannot be inferred from the expression of the 

target memory itself during memory retrieval, because the mechanisms that 

mediate memory destabilization are independent from the behavioural fear 

expression (Mamou, Gamache, & Nader, 2006; Sevenster et al., 2012a). In 

addition, a certain reactivation procedure may induce plasticity after one but not 

another learning procedure. We demonstrate that PE can be used as an 

independent measure of memory destabilization. When there was no modification 

in CS-US expectancies from acquisition to test, the memory trace was not 

updated. We believe that, at least in the current protocol, it would be difficult to 

assess PE driven learning at the moment of reactivation because a small decrease 

in CS-US expectancies during the memory retrieval session itself would already 
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induce extinction learning. Then, updating may no longer affect the original 

memory trace but ― because of the small degree of similarity between 

acquisition and retrieval ― instate the formation of a new extinction memory. 

Because reconsolidation of memory traces corresponding to different response 

systems (amygdala dependent startle potentiation and hippocampal-dependent 

declarative memory) calls for different reactivation conditions (Soeter & Kindt, 

2010, 2011b), we are now capable of independently assessing the prerequisite for 

fear memory destabilization in humans, in a non-invasive manner. Conditions that 

were previously regarded as constraints on reconsolidation (such as too little/too 

much similarity) may be resolved by taking into account PE during memory 

retrieval. The assessment of PE provides a feasible tool to develop and optimize 

reconsolidation-based treatments for patients suffering from chronic relapsing 

disorders such as anxiety disorders and substance-abuse disorders.  
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Supplementary Material 
 

MATERIALS AND METHODS 

Participants 

Forty-five (14 male; 31 female) healthy individuals participated in the study. Mean 

age was 20.51 years (SD = 1.97), ranging in age between 18 and 26 years. All 

participants were free from any condition contraindicative to the administration of 

40 mg propranolol (S1). 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 conditions: Negative PE (n = 15, 6 male), No PE (n = 15, 4 male) or 

Positive PE group (n = 15, 4 male) with the restriction that 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. 

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 



PREDICTION ERROR AND RECONSOLIDATION 
	  
	  

94 

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. 

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 

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. 

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. 

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. 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 (Fig. 1A). 

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-



SUPPLEMENTARY MATERIAL – CHAPTER 5 

 95 

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 (n = 2) 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 electrodes were attached. 

Because we employed an instructed acquisition paradigm in two of the three 

groups, we assessed preconditioning startle reactivity to the stimuli. Single CS1, CS2 

and NA preconditioning trials were preceded by 10 startle habituation trials. The 

CSs consisted of two different fear-relevant images depicting a spider and a gun 

(IAPS, nr 1200; 6210). After preconditioning the experimenter entered the room 

and attached the shock-electrodes to the wrist. Shock intensity was determined 

individually to be ‘uncomfortable though not painful’. Participants were randomly 

assigned to any of the three groups: Negative PE, No PE, or Positive PE. During 

acquisition, in both the Negative PE and No PE group, one of the pictures (CS1) 

was always paired with the shock (100% of the trials), whereas the other picture 

was never paired with a shock (CS2) (Fig. 1B). Also, to acquire asymptotic levels of 

learning, these participants were instructed before the conditioning procedure 

which picture was followed by the shock (US) and which picture was never 

followed by the shock. Acquisition consisted of three presentations of each CS 

and three NA presentations. In the Positive PE group one of the pictures (CS1) was 

paired with the shock only on the second trial out of three trials (33% of the trials), 

whereas the other picture was never paired with a shock (CS2) (Fig. 1B). 

Participants in this group received the instruction that one of the pictures was 

sometimes followed by the shock and one of the pictures was never followed by 

the shock. In this group participants had to learn which picture was actually 

followed by a shock. Before the actual conditioning phase participants were 

again presented with five startle probes (NA) to reduce general startle reactivity 

due to exposure to the US during the shock intensity set up procedure. 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-
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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 (CS-US contingencies). Previous to memory reactivation, 10 startle 

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

was reactivated with either a single unreinforced (Negative PE) or a single 

reinforced (No PE and Positive PE) CS1 presentation of 8 s (Fig. 1B). 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, on 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 CS2 trials 

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

administered to the wrist, followed by six unreinforced CS1 and CS2 trials and 6 NA 

trials to test reinstatement of fear. At the completion of the test phase participants 

evaluated the US.  

 

Data Analysis 

Startle response outliers were defined by means of within-participants Z scores (Z > 

3.29) (calculated across the three testing days) and replaced by linear trend at 

point. Startle responses and US-expectancy ratings were subjected to a mixed 

analysis of variance for repeated measures (ANOVA) with group (Negative PE; No-

PE; Positive PE) 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, such that the groups 

were similar on acquisition but different on reactivation (Negative PE vs. No PE) or 

different on acquisition but similar on reactivation (No-PE vs. Positive PE) and 

stimulus (CS1 vs. CS2; CS1 vs. NA) and trial (stimulus presentation) as within-subjects 

factors. Second, if appropriate, analyses were performed for the Negative PE, 
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Positive PE and No PE group separately 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 factor 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. 

 

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 < 1.03) (Table 1). The individually set shock intensity 

ranged from 4 to 60 mA (M = 21.84, SD = 11.98). There were no differences in the 

evaluation of the US between the groups on either day 1 or day 3 (Fs < 1.36), 

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, Fs < 1.18).  

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  < 1.48). Both systolic (main effect moment, F(1, 42) = 72.10, p < .001, η²p = 

.63) and diastolic blood pressure  (main effect moment; F(1, 42) = 12.35, p < .001, η²p 

= .23) 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. There was a difference between the three groups in 

differential responding on the last trial of acquisition (trial 3) (stimulus x group, F(1, 42) 

= 54.21, ps < .001, η²p = .72). As could be expected from the identical acquisition 

procedure in the Negative PE and the No PE group, we observed no difference 

between those groups in differential ratings on the last acquisition trial (trial 3) 

(stimulus x group, F(1, 28) < 1). In both groups (Negative PE and No PE), we observed 

acquisition of differential US-expectancy ratings, evidenced by higher ratings to 

the CS1 compared to the CS2 (main effect stimulus, F(1, 28) = 4458.90, p < .001, η²p = 

.99). While differential ratings on the last trial of acquisition were less pronounced in  
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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 Negative PE (n = 15), No PE (n = 15), 
and the Positive PE group (n = 15). 
 

 Negative PE No PE Positive PE 

US-intensity (mA) 25.0 (12.7) 21.8 (12.9) 18.7 (10.1) 

US-evaluation -3.2 (.9) -3.1 (1.3) -2.9 (1.1) 

FSQ 32.7 (14.7) 34.8 (27.7) 31.5 (21.2) 

ASI 12.7 (5.3) 11.1 (5.6) 10.0 (5.5) 

STAI-T 39.5 (10.5) 39.2 (7.9) 37.1 (8.0) 

 

 

the Positive PE group compared to the No PE group (stimulus x group, F(1, 28) = 

60.00, ps < .001, η²p = .68), yet the partial reinforcement scheme did result in 

significant differential ratings in the Positive PE group (main effect stimulus, F(1, 14) = 

104.40, p < .001, η²p = .88).  

Memory reactivation. Analysis revealed a difference between the three 

groups on US-expectancy ratings from the end of acquisition (trial 3) to the 

reactivation trial (trial x group, F(1, 42) = 8.46, p < .001, η²p = .29). While the Negative 

PE and No PE group did not differ (trial x group, F(1, 28) < 1; main effect trial, F(1, 28) < 

2.70), we did observe a difference between the Positive PE and No PE group on 

US-expectancy ratings from the end of acquisition (trial 3) to the reactivation trial 

(trial x group, F(1, 28) = 13.30, p < .001, η²p = .32). Ratings to the CS1 remained similar 

in the No PE group (main effect trial, F(1, 14) < 1.24), while there was an increase 

from the end of acquisition (trial 3) to the reactivation trial in the Positive PE group 

(main effect trial, F(1, 14) = 23.24, p < .001, η²p = .62).  

Extinction and reinstatement. Analysis revealed a difference between the 

three groups in differential US-expectancy ratings (CS1 vs. CS2) during extinction 

learning (trial 1 vs. trial 12) (stimulus x trial x group, F(1, 42) = 4.66, p < .015, η²p = .18). 

Extinction learning of US-expectancy ratings was either facilitated (Negative PE vs. 

No PE; stimulus x group, F(1, 28) = 10.12, p < .004, η²p = .27) or impeded (Positive PE vs. 

No PE; stimulus x trial x group, F(1, 28) = 11.29, p < .002, η²p = .29) relative to the group 

in which updating did not occur (No PE). The three groups differed in differential 

US-expectancy ratings on the first trial of extinction (stimulus x group, F(1, 42) = 5.56, p  
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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 Negative PE (n = 
15), No PE (n = 15), and the Positive PE group (n = 15). 
 

 

< .007, η²p = .21). We observed greater differential ratings on the first trial of 

extinction in the No PE group relative to the Negative PE (stimulus x group, F(1, 28) = 

8.99, p < .006, η²p = .24), while the difference between the No PE group and 

Positive PE group approached significance (stimulus x group, F(1, 28) = 3.24, p < .082, 

η²p = .10), respectively. In spite of these differences, memory for CS-US 

contingencies was still intact in all the groups on the first trial of extinction (day 3), 

as was evidenced by more pronounced US-expectancy ratings to the CS1 

compared to the CS2 at the beginning of extinction (trial 1) in all three groups: the 

Negative PE group (main effect stimulus, F(1, 14) = 80.94, p < .001, η²p = .85), the No 

PE group (main effect stimulus, F(1, 14) = 417.00, p < .001, η²p = .97) and the Positive 

PE group (main effect stimulus, F(1, 14) = 396.00, p < .001, η²p = .97). There was also a 

difference between the three groups in reinstatement of US-expectancy ratings 

from the end of extinction (trial 12) to the test trial (stimulus x trial x group, F(1, 42) = 

3.31, p < .046, η²p = .14). The unpredicted shocks resulted in an increase from the 

end of extinction (trial 12) to the first test trial in both the Negative PE and the No 

PE group (stimulus x trial x group, F(1, 28) < 1; stimulus x trial, F(1, 28) = 27.40, p < .001, η²p 

= .50). However, while we observed a difference in the predicted direction 

between the No PE and Positive PE group in reinstatement of US-expectancy 

ratings (stimulus x trial x group, F(1, 28) = 3.45, p < .074, η²p  = .11), a resistance to 

extinction observed in the Positive PE group prevented the proper assessment of 

reinstatement of US-expectancy ratings in this group (stimulus x trial, F(1, 14) < 1.97). 

 

 

 Negative PE  No PE  Positive PE 
 t =0 t=1  t=0 t=1  t=0 t=1 

Systolic 
BP 

115.0 
(15.0) 

99.9 
(10.9) 

 
112.3 
(15.6) 

101.3 
(12.7) 

 
118.2 
(10.9) 

104.5 
(10.3) 

Diastolic 
BP 

69.3 
(5.3) 

64.0 
(5.3) 

 
68.3 
(7.0) 

66.9 
(11.7) 

 
73.9 
(9.6) 

67.5 
(7.6) 

STAI-S 
33.4 
(6.3) 

31.1 
(5.9) 

 
34.8 
(7.9) 

31.1 
(5.5) 

 
31.1 
(6.1) 

29.3 
(6.1) 
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Fear Potentiated Startle  

Habituation. The groups did not differ in startle responding over the course 

of habituation during the habituation sessions on day 1, day 2 and day 3 (trials 1 to 

10; trials 1 to 5; trial x group, Fs < 1.49).  

Noise Alone trials The three groups differed in startle responding to the NA 

trials during acquisition (trials 1 to 3) (trial x group, F(4, 84) = 3.12, p < .019, η²p = .13). 

The Negative PE and No PE group did not differ (trials 1 to 3, trial x group; F(2, 56) < 

1.73), while we did observed a difference in startle response to the NA trials during 

acquisition between the Positive PE group compared to the No PE group (trial x 

group, F(2, 56) = 4.66, p < .013, η²p = .14). Thus, uncertainty with respect to CS-US 

contingencies augmented initial NA startle responding in the group in which 

acquisition was partially reinforced (Positive PE). The groups did not differ in startle 

response to the NA trials during extinction (trials 1 to 12) and reinstatement (trials 1 

to 6) (trial x group, Fs < 1.07).  

Preconditioning. Given that we employed an instructed acquisition 

paradigm, we assessed preconditioning startle reactivity to the CS1, CS2 and NA. 

Differential responding (CS1 vs. CS2) differed between the three groups during 

preconditioning (stimulus x group, F(2, 42) = 4.67, p < .015, η²p = .18). The Negative PE 

and No PE group did not differ in differential responding during preconditioning 

(stimulus x group, F(1, 28) < 1), while there was a difference between the No PE and 

Positive PE group (stimulus x group, F(1, 28) = 10.44, p < .003, η²p = .27). The No PE 

group showed higher responding to the CS1 compared to the CS2 (main effect 

stimulus, F(1, 14) = 10.90, p < .005, η²p = .44), whereas we observed a trend towards 

higher responding to the CS2 compared to the CS1 in the Positive PE group (main 

effect stimulus, F(1, 14) = 2.97, p < .11, η²p = .18).  

Fear conditioning. In spite of the initial difference in startle responding on 

the preconditioning trial, the groups did not differ in startle responding (CS1 vs. 

CS2) on the first conditioning trial (stimulus x group, F(2, 42) < 1; main effect stimulus, 

F(1, 42) < 1). Therefore, acquisition of fear conditioning was assessed from the first 

acquisition trial to the last (trial 3). There was indeed successful fear conditioning 

on day 1, as indicated by an increase in differential startle responding (CS1 vs. 

CS2) from the first to the last trial of acquisition (stimulus x trial, F(1, 42) = 10.01, p < 

.003, η²p = .19), that did not differ between the groups (stimulus x group, F(2, 42) < 1). 

On the last trial of acquisition there was more startle potentiation to the CS1 

compared to the CS2 (main effect stimulus, F(1, 42) = 23.04, p < .001, η²p = .35) which 

did not differ between the three groups (stimulus x group, F(2, 42) < 1).  
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Memory reactivation. Analysis of the startle fear response on day 2 

revealed stronger responding to the CS1 compared to the NA trial (main effect 

stimulus, F(1, 42) = 11.31, p < .002, η²p = .21), which did not differ between the groups 

(stimulus x group, F(1, 42) < 2.04). Thus, startle responding was intact irrespective of 

whether PE and subsequent memory destabilization occurred. This is in line with 

previous studies in which fear memory expression during reactivation is dissociated 

from the mechanisms that allow for the updating of memory (Mamou et al., 2006; 

Sevenster et al., 2012a). 

 Extinction. Because differential fear responding was eliminated at the first 

retention trial (first trial of extinction), no extinction learning (trial 1 vs. 12) of 

differential startle responding (CS1 vs. CS2) was observed either in the Negative PE 

(stimulus x trial x group, F(1, 28) = 6.86, p < .014, η²p = .20) or in the Positive PE group 

(stimulus x trial x group, F(1, 28) = 6.34, p < .018, η²p = .19) compared to the No PE 

group. Extinction learning approached significance in the No PE group, 

evidenced by a decrease in differential responding (stimulus x trial, F(1, 14) = 4.04, p 

< .064, η²p = .22), while no extinction learning was observed either within the 

Negative PE (stimulus x trial, F(1, 14) < 3.11) or within the Positive PE group (stimulus x 

trial, F(1, 14) < 2.36). By the end of the extinction phase (trial 12) differential startle 

fear responding was absent in all groups (main effect stimulus, F(1, 42) < 2.20; stimulus 

x group, F(2, 42) < 1). 
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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).  

 

No PE

U
S−

Ex
pe

ct
an

cy

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

−5

0

5

CS1 CS2

Single PE

U
S−

Ex
pe

ct
an

cy

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

−5

0

5

CS1 CS2

Multiple PEs

U
S−

Ex
pe

ct
an

cy

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

−5

0

5

CS1 CS2



CHAPTER 6 

109 

 
	  

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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the manipulation would affect differential responding on the second trial but not 
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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).  
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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  
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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. 
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To gain insights in the fundamentals of learning and memory and to provide a 

basis for the development of reconsolidation-based therapy, the current thesis 

investigated whether the function of reconsolidation of human fear memory is to 

enable memory updating. Extensive evidence indicated that consolidation 

mechanisms ensure memory stabilization. However, the mechanisms that underlie 

the flexible nature of memory are relatively unknown. It is now increasingly 

acknowledged that memory regains plasticity through the process of 

reconsolidation. In a series of human fear conditioning experiments we tested 

whether memory reconsolidation could be identified as an updating mechanism. 

Additionally, we further investigated the dissociation between the emotional and 

cognitive components of fear memory expression, as disruption of reconsolidation 

proved to affect the former but not the latter. 

 

Cognitive and emotional expression of fear learning and memory 

Previous studies from our lab demonstrated differential effects of reconsolidation 

disruption on long-term expression of the startle response on the one hand and US-

expectancy ratings and SCR on the other hand (Kindt et al., 2009; Soeter & Kindt, 

2010, 2011b, 2011c). Therefore, we aimed to further investigate the different 

response systems that are involved in fear learning. There is an on-going debate 

whether cognitive and emotional learning stem from either one common 

underlying mechanism (single process) or are the results of at least two separate 

learning systems (dual process). In a replication study (Schultz & Helmstetter, 2010), 

we presented participants with conditioned stimuli that were either easy or difficult 

to discriminate (Chapter 2). We found that unaware participants did not show 

electrodermal conditioning. While contingency awareness was required for 

electrodermal conditioning, startle conditioning took place in absence of 

contingency knowledge. The next study (Chapter 3) confirmed previous 

observations (Chapter 2; Kindt et al., 2009; Soeter & Kindt, 2010, 2011b, 2011c) that 

the startle response is a specific measure for fear whereas US-expectancy ratings 

and SCR reflect the predominantly cognitive component of fear memory 

expression. We found that one day after fear acquisition the simple instruction that 

the pictures will no longer be followed by the shock completely eliminated both 

differential US-expectancy ratings and SCR (Chapter 3). The startle reflex, however, 

remained differentially potentiated at the beginning of extinction. Also, while the 

instruction prevented reinstatement of both US-expectancy ratings and SCR, 

return of differential startle responding was observed, in spite of the declarative 
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knowledge that the pictures would not be reinforced. These findings confirmed 

the dual process account of fear learning by showing that a cognitive 

manipulation affects the US-expectancy ratings and SCR while the startle response 

acts relatively independent from knowledge about the contingencies.  

In conclusion, Chapters 2 and 3 support the dual process account of fear 

learning. Manipulations that influence contingency knowledge showed that the 

cognitive and emotional component of fear can dissociate, suggesting that at 

least two learning systems are involved in fear learning. In participants who either 

were unaware during fear acquisition or received a safety instruction on the CS-US 

contingencies before extinction, the startle response diverged from the US-

expectancies. However, SCR demonstrated a responding pattern very similar to 

the US-expectancies. In line with previous research (LeDoux, 2000), this suggested 

that the startle response is indicative of affective learning and expression, while 

SCR is a non-specific arousal measure mediated by cognitive learning.  

 

PE-driven learning and memory plasticity  

Chapter 4 describes the first study in a series of experiments on the functional 

mechanisms of memory reconsolidation. In line with previous studies from our lab 

(Kindt et al., 2009; Soeter & Kindt, 2010, 2011b, 2011c, 2012), we found that 

propranolol, contrary to placebo, reduced long term emotional responding 

(startle response). We showed that propranolol did not have any fear reducing 

effect when the US-electrodes were not attached to the wrist during memory 

reactivation. Thus, when we prevented new learning during memory reactivation, 

memory was not destabilized and propranolol could therefore not interfere with 

the reconsolidation of the fear memory. These findings point towards a role of 

prediction error (PE) ― the discrepancy between expectations based on previous 

learning and the actual events ― in reconsolidation. If reconsolidation indeed 

underlies the adaptive function of integrating new learning in an established 

memory trace, PE would be the ultimate candidate to regulate memory updating. 

However, with the experimental design used in the study that is described in 

Chapter 4 we could not directly test whether PE-driven learning induced memory 

destabilization. As the startle fear potentiation was similar in both conditions, 

memory destabilization could not be inferred from the fear memory expression 

itself.  Only from the observation of reconsolidation (i.e., reduced fear responding 

one day later), it was inferred that new learning must have been present during 

memory reactivation. As discussed in the introduction, to derive the role of PE in 
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memory destabilization from effective reconsolidation poses a problem for 

empirical falsifiability. 

The aim of next study (Chapter 5) was to provide a measure of PE driven 

learning that is independent from the observation of reconsolidation itself. From 

previous studies we know that propranolol does not affect the cognitive 

component of fear learning (Kindt et al., 2009; Soeter & Kindt, 2010, 2011b, 2011c, 

2012). Importantly, in Chapters 2 and 3 we confirmed that cognitive (US-

expectancy) and emotional responding (startle response) stem from separate 

underlying mechanisms. As a result, we were able to use the online US-expectancy 

ratings as a measure of PE-driven learning during reactivation. We designed the 

acquisition and reactivation procedures in such a way that there was a negative 

PE (absence of reinforcement), a positive PE (unexpected reinforcement) or no PE 

(expected reinforcement) during memory retrieval. We observed PE driven 

learning only in the Negative and Positive PE groups, operationalized as a 

decrease and an increase respectively in US-expectancy ratings from the end of 

acquisition to the beginning of extinction on day 3. Learning did not take place in 

the no PE group, evidenced by no change in US-expectancy ratings. We then 

observed that propranolol administration after memory reactivation eliminated 

long-term startle responding only in case PE-driven learning had been present 

during memory retrieval. In sum, using an index, independent from memory 

destabilization, we demonstrated that reconsolidation requires PE-driven learning. 

 In the study described in Chapter 5 we did not take into account that the 

presentation of new information can also bring about too much new learning, 

resulting in the formation of an additional memory trace (e.g., extinction learning). 

Importantly, not only reconsolidation but also extinction learning depends on PE 

(Rescorla & Wagner, 1972). Extinction training involves the repeated absence of 

reinforcement, resulting in multiple PEs. Thus, while PE is necessary for 

reconsolidation, too much PE driven new learning might be counter effective. We 

know from previous studies that extensive extinction training prevents 

reconsolidation (Bos et al., 2012; Eisenberg et al., 2003; Lee et al., 2006). However, 

the transition from reconsolidation to extinction might take place long before the 

fear expression subsides. If we are to use disruption of reconsolidation as a 

therapeutic strategy, it is crucial to know when the system decides that new 

information is different but similar enough to update the original memory, or that 

the new information is too different from original learning and should be 

consolidated as a separate entity. In the next study (Chapter 6) we aimed to 
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investigate the transition from memory updating to new learning. Due to a 50% 

reinforcement scheme during acquisition, a single unreinforced reminder trial did 

not generate any new learning and the memory remained intact in spite of 

propranolol administration. Two unreinforced retrieval trials, however, resulted in a 

PE and propranolol disrupted the long-term startle fear response. If presentation of 

unreinforced reminder trials was continued up to four trials, new learning took 

place, evidenced by a decrease in US-expectancy ratings, whereas the fear 

response was not yet reduced. We observed that propranolol was no longer 

effective in reducing the long-term startle response when administered after 

memory reactivation with four trials. Thus, we show that mismatch decisions result 

in abrupt transitions from mere memory retrieval, to reconsolidation, to new 

additional learning. In sum, the three experiments on the functional mechanism of 

reconsolidation show that memory destabilization indeed depends on PE. The 

process of reconsolidation is robust, given that studies from our and other labs 

repeatedly showed the strong effect of reconsolidation disruption on fear memory 

expression. At the same time, reconsolidation is a subtle process, since it is 

constrained by the absence and repetition of PE. Small changes such as 

prolonging stimulus duration or increasing the number of retrieval trials can tip the 

balance in favour of additional new learning instead of memory updating. 

Reconsolidation is limited to retrieval conditions that contain PE-driven learning, 

while absence or repeated PE’s puts a constraint on reconsolidation.  

 

Pharmacological and cognitive manipulations   

In line with previous studies (Kindt et al., 2009; Soeter & Kindt, 2010), we repeatedly 

showed that propranolol administration in combination with memory reactivation 

leaves the long term cognitive but not the emotional expression of fear memory 

(US-expectancy and SCR) intact (Chapters 4, 5, 6). Additionally, we found a 

double dissociation between the declarative and emotional expression of the 

memory (Chapter 4). First, similar to the findings in Chapter 3, we observed 

potentiation of the startle reflex in response to the feared stimulus, in absence of 

any threat expectancy and SCR. Second, we found elimination of the startle 

response in spite of threat expectation and differential SCR on day 3. Thus, a 

cognitive manipulation affected both US-expectancy ratings and SCR but not the 

startle fear response. Pharmacological manipulation had the opposite effect, 

leaving US-expectancy ratings and SCR unaffected but reducing the startle 

response. 



CHAPTER 7 

129 

Hence, we showed that the cognitive component could be targeted by 

cognitive manipulations while the emotional component of fear memory is 

sensitive to pharmacological treatment. In contrast, a previous study from our lab 

demonstrated an effect of pharmacological manipulation on declarative 

memory. In that study propranolol was administered before 12 unreinforced 

reminder trials and did actually impede extinction learning of US-expectancy 

ratings but not the startle response. This effect persisted one day later on both the 

extinction retention and reinstatement test (Bos et al., 2012). They observed the 

direct and delayed effects of propranolol on US-expectancy ratings not on the first 

trials of extinction and re-extinction but only after multiple unreinforced reminder 

presentations. Possibly, extensive extinction training, as opposed to the relatively 

short unreinforced retrieval procedure in our study (4 trials), is responsible for the 

noradrenergic effect on threat expectancies. Though it is an important 

observation that propranolol administered before memory reactivation can affect 

the online expression of threat expectancy. If we aim to use propranolol as a 

therapeutic drug, it should not interfere with online threat expectancy, since the 

US-expectancy ratings can guide when the fear memory is open to modification 

or whether extinction learning is initiated during memory reactivation.  

While the four unreinforced reminder trials were sufficient to establish a 

decrease in US-expectancy ratings, a similar pattern was not observed for the 

startle response, which remained stable over the course of the 4 unreinforced trials 

(Chapter 6). Similarly, the startle fear response was potentiated in response to the 

reminder stimulus (Chapters 4, 5, 6), irrespective of whether reconsolidation was 

triggered. Hence, the affective expression of fear is not a suitable index of the 

underlying process that is ultimately engaged by memory reactivation. The 

mechanisms that generate the fear expression are independent from the 

mechanisms that underlie memory destabilization (see also Mamou et al., 2006).  

 It is remarkable that propranolol never interfered with the reconsolidation 

of declarative memory. This is beneficial from a clinical point of view, since this 

dissociation provides the possibility to target the emotional impact but not the 

recollection of the trauma. From a fundamental perspective on memory, the 

differential effect of propranolol on the response systems raises questions about 

retrieval-induced plasticity. Theoretically, reconsolidation is a universal property of 

memory and thus every memory should be able to reconsolidate, provided that 

the memory is updated. Then, why does a reactivation procedure that is effective 

in destabilizing the emotional component of fear learning not have the same 
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effect on declarative memory? The notion that declarative knowledge and 

affective responding rely on different neural mechanisms might account for the 

differential effects of propranolol. While declarative memory relies on the 

hippocampal complex, the amygdala and subcortical areas subserve affective 

responding (LeDoux, 2000). It is known that the layout of the hippocampus results 

in reduced interference between hippocampal memory traces (McClelland & 

Goddard, 1996; O’Reilly & Rudy, 2001). The dentate gyrus and the CA3 region 

allow for orthogonal encoding of memory representations (pattern separation), 

even in the case of minimal differences between inputs ( Leutgeb & Leutgeb, 

2007; Leutgeb, Leutgeb, Moser, & Moser, 2007; Wills, Lever, Cacucci, Burgess, & 

O’Keefe, 2005). Hence, while the system underlying affective responding is 

probably not equipped with mechanisms to reduce overlap of representations, 

the hippocampal structure promotes formation of discrete representations.  

Note that while our results suggest that it is difficult to destabilize simple 

factual memories, reconsolidation of declarative memory for word pairs and 

objects has been observed in humans (Coccoz, Maldonado, & Delorenzi, 2011; 

Forcato et al., 2009; Forcato et al., 2007; Hupbach, Gomez, Hardt, & Nadel, 2007). 

For example, in these tasks participants learn word-pair associations (cue-

response). One day later, memory is reactivated by presenting one of the cues 

followed by the learning of a new list of word-pair associations. Learning the new 

list on day 2 is supposed to interfere with the reactivated memory, resulting in 

memory impairment on testing one day later day (Forcato et al., 2009, 2010; 

Forcato et al., 2007). Learning demands are much higher in these studies than in 

our conditioning studies, during which participants are only required to learn two 

simple associations between pictures and (absence of) shock. It is assumed that 

explicit memories always include both a hippocampal and neocortical 

component (Hardt, Nader, & Nadel, 2013). Presumably, the high task demands in 

the declarative memory studies require more involvement of extra-hippocampal 

areas than in our studies. The more dependent on the extra-hippocampal areas, 

the more new learning will interfere with the reactivated memory (Hardt et al., 

2013).  

An interesting feature of these studies on reconsolidation of declarative 

memory is the memory reactivation procedure (Coccoz et al., 2011; Forcato et al., 

2009; Forcato et al., 2007; Hupbach et al., 2007). In general, the memory 

reactivation trial (i.e., presenting a cue of the previously learned word-pair 

associations) is abruptly and unexpectedly ended and the participants are not 
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allowed to report the associated response. It has been demonstrated that this 

mismatch between expectations (reporting the response) and real events 

(interruption of the trial) is required in order to interfere with the original memory 

(Forcato et al., 2009). Note that this reactivation procedure involves an 

instrumental prediction error (i.e., unexpected absence of reporting the response). 

Schultz and Dickinson (2000) pose that prediction error applies not only to 

Pavlovian but also to instrumental conditioning. During instrumental learning an 

individual's behaviour is modified by its consequences. A behavioural reaction is 

executed in the expectation of a certain outcome and a prediction error then 

takes place when the actual and predicted outcomes differ. Although the 

response behaviour in the human declarative memory studies is not instrumental 

conditioning in the strict sense (i.e., there is no direct consequence related to the 

response), these studies could be an indication that CS-US associations (or at least 

word-pair associations) can be targeted through reactivation of an instrumental 

association. 

 

On Prediction Error 

As stated in the introduction, a balance between memory stability and plasticity is 

essential for adaptive responding. A longstanding view on memory consolidation 

is that it ensures memory stability, but the hypothesis that reconsolidation accounts 

for memory plasticity was formulated only recently. With the demonstration that 

new learning is a prerequisite for reconsolidation (Chapters 4, 5, 6), we confirm 

that memory destabilization allows for the integration of new information in the 

existing memory trace. Note that it is often suggested that the function of 

reconsolidation is two-fold: either to update or to strengthen an existing memory 

trace. However, the two processes are certainly not mutually exclusive, since 

memory strengthening can be considered as a form of memory updating. After a 

short conditioning procedure, an additional reinforced trial one day later contains 

new information about the CS-US contingencies since asymptotic levels of 

learning are not reached (Chapter 5; Lee, 2008). This new information is integrated 

in the previously acquired memory trace, resulting in memory strengthening.  

Given that PE plays an essential role in reconsolidation, we should 

consider the learning history when choosing a retrieval procedure. That is, a 

particular reactivation protocol might destabilize memory trace X but might install 

extinction learning in addition to memory trace Y. For example, the results in 

Chapter 5 show that a reinforced reactivation trial leaves the original memory 
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intact in case of asymptotic learning, but destabilizes the memory when previous 

learning was non-asymptotic. Similarly, following fully reinforced fear learning 

(100%) a single unreinforced reminder trial was sufficient to trigger PE and memory 

destabilization (Chapter 5), whereas such an effect was not observed in case of a 

partially reinforced (50%) acquisition (Chapter 6). While two unreinforced trials 

destabilized a memory acquired with a 50% reinforcement rate, it might have 

resulted in extinction learning in addition to a fully reinforced memory. Thus, the 

outcome of memory reactivation strongly depends on its interaction with the 

learning history. This stresses the importance of an independent index that 

indicates whether retrieval results in memory destabilization.  

 While it is often assumed that acquisition and extinction learning depend 

on PE (Rescorla & Wagner, 1972), it seems that the startle response proves an 

exception to this rule. While contingency learning was required for acquisition of 

differential US-expectancy ratings and SCR (Chapter 2), acquisition of the startle 

response could be established in absence of PE. The startle response is an 

expression of valence (Bradley & Vrana, 1993;  Lang, 1995) and, apparently, 

valence of the US can transfer automatically to the CS, even when participants 

are unaware of the contingencies (Chapter 2). Note that this unaware acquisition 

effect is no longer observed on a subsequent post-conditioning test (Weike et al., 

2007). Thus, a defensive reflex is produced irrespective of the capability to relate 

threat to a stimulus in the environment but takes place only in case of imminent 

threat. The role of PE in startle extinction remains unclear. In contrast to 

expectancy and SCR, a verbally conveyed PE was not sufficient to extinguish the 

startle response (Chapter 3). Instead, startle extinction required the actual 

experience of unreinforced CS presentations.  

The studies on reconsolidation in the present thesis (Chapters 4, 5, 6) 

suggested that both cognitive and experience-based learning are required for 

memory destabilization. Cognitive knowledge without the experience that the CS 

will not be followed by the US during reactivation did not induce reconsolidation 

(Chapter 4). Given the crucial role of PE-driven learning in memory destabilization 

it seems unlikely that propranolol-induced disruption of the startle fear response 

can be established with CS presentations that lack cognitive learning. 

Nevertheless, we did not test whether, similar to acquisition learning, memory can 

be destabilized by a reactivation trial that contains experience-dependent but 

not cognitive learning. A speculative hypothesis would be that in contrast to 

extinction learning, memory destabilization could occur without cognitive 
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knowledge as long as the reminder trial contains experience based new learning. 

From an evolutionary point of view it is adaptive that fear acquisition is easily 

acquired while the system is conservative about new inhibitory learning 

(extinction). For example, while fear responses easily generalize to different 

contexts after acquisition, extinction learning is much more context specific 

(Bouton & Bolles, 1979; Bouton, 2002). Also, acquisition requires subcortical brain 

areas (LeDoux, 2000), whereas extinction learning additionally involves the 

ventromedial prefrontal cortex (Herry & Garcia, 2002; Morgan et al., 1993). Thus, 

given the adaptive constraints and involvement of cortical areas, establishing an 

extinction circuit might require cognitive learning, in addition to experience-based 

learning. Since reconsolidation concerns updating of the original memory, the 

conditions that apply to acquisition could also be valid for reconsolidation. 

Note that in in previous reconsolidation studies (Kindt et al., 2009; Soeter & 

Kindt, 2010, 2011b, 2011c, 2012) and the study described in Chapter 4, memory 

destabilization was triggered in absence of a statistically significant change in US-

expectancy ratings. In the studies in which cognitive learning did take place 

during memory reactivation (Chapters 5 and 6), we designed the acquisition and 

reactivation procedure in such a way that cognitive learning could clearly be 

observed.  For example, in case of fully reinforced acquisition it was even pointed 

out to the participants which picture would be followed by a shock and which 

picture was safe (Chapter 5). Consequently, an unreinforced reactivation trial 

produced significant and observable cognitive learning. However, absence of a 

significant change in threat expectancy does not automatically mean that 

cognitive learning did not have a role in memory updating. In contrast to the 

significant change induced by an unreinforced trial following fully reinforced 

asymptotic learning, a similar reminder trial does not generate this effect on the 

expectancy ratings in the case of partial reinforced non-asymptotic learning, 

while this does not preclude a memory destabilization. Supposedly, a small 

(statistically non-significant) change in threat expectancy might already be 

enough to induce memory destabilization.  

 

Pattern completion and pattern separation 

Computational models suggest that memory relies on both the ability to complete 

partial or similar patterns of activity into a single common representation (pattern 

completion) and the ability to separate overlapping patterns of activation in 

distinct representations (pattern separation) (Blumenfeld, Preminger, Sagi, & 
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Tsodyks, 2006; Hunsaker & Kesner, 2013; Osan, Tort, & Amaral, 2011). 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 

with the internal memory representation projected from the CA3 region (Lisman & 

Grace, 2005; Vinogradova, 2001). Thus, CA1 functions as a ‘comparator’, assessing 

whether current sensory input (representation of the reactivation session) matches 

or mismatches expectation derived from previous experiences (representation of 

the original fear memory trace). Small differences between representations will be 

compensated and incorporated in the original representation resulting in memory 

updating. Since memory updating depends on mismatch learning, it is surprising 

that little attention has been paid to how the concept of pattern completion 

relates to the phenomenon of reconsolidation. The process of reconsolidation 

could underlie the ability to ‘clean up’ similar representations in one single pattern. 

Up to some point the system accepts mismatches between the inputs as reflecting 

nothing more than variations of a single representation. Beyond that point, the 

expectations and current events differ to such a degree that it renders pattern 

completion impossible and memory updating does not occur. An additional new 

representation is formed instead and thus pattern separation could be 

fundamental to the realization of extinction memory. The dentate gyrus, together 

with the CA3 region, is supposed to underlie the orthogonalization of 

representations ( Leutgeb & Leutgeb, 2007; Leutgeb et al., 2007). Crucially, this 

suggests that changes in sensory input can trigger sudden transitions from mere 

memory retrieval, to updating, to formation of a new memory. In Chapters 5 and 6 

we provided evidence that small alterations in the fear memory retrieval 

procedure can have major effects on memory and subsequent behaviour. It 

would be very exciting to further investigate the neurobiological mechanisms 

underlying memory updating and new learning. 

 

Future research 

In addition to the unresolved questions that arose in the previous sections, several 

directions for future research with particular interest to the field of reconsolidation 

will be considered. The first issue concerns the molecular mechanisms of memory 

destabilization and extinction. Reconsolidation and extinction learning have often 

been considered as competing processes during memory retrieval and to be 

mutually exclusive (trace dominance) (Eisenberg et al., 2003). However, in our 

study (Chapter 6) we could not rule out that the 4 trial memory reactivation 
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procedure, which prevented reconsolidation, did not initially engage 

reconsolidation. It would therefore be crucial to be able to dissociate 

reconsolidation from extinction learning on the molecular level. For example, it 

would be very interesting to determine whether reconsolidation is immediately 

triggered by the second unreinforced reminder trial (Chapter 6) but later 

suppressed when PE reduces. Inhibition of reconsolidation by new learning might 

involve the suppression of transcription nuclear factor-κB (NF-κB) (de la Fuente, 

Freudenthal, & Romano, 2011; Merlo, Freudenthal, Maldonado, & Romano, 2005; 

Merlo & Romano, 2008). In a contextual fear paradigm it was shown that short 

context re-exposure enhances expression of NF-κB, which is essential for induction 

of reconsolidation. In case of longer context exposure NF-κB activation, measured 

at various time points during and after re-exposure, was blocked by the 

phosphatase calcineurin (CaN) that is essential for extinction. Importantly, during 

prolonged exposure no significant increase in NF-κB activity was observed on the 

time point that coincides with a peak of NF-κB activity during the short reactivation 

procedure (de la Fuente et al., 2011). Note that most studies on the differential 

mechanisms underlying reconsolidation and extinction learning use single trial 

reactivation of either short or long duration, respectively. The results described 

above (de la Fuente et al., 2011) and others (Pedreira et al., 2004) suggest that 

either reconsolidation or extinction is triggered only upon CS termination. Thus, in 

case of a long single trial reactivation session reconsolidation could never be 

engaged and extinction consolidation starts only upon CS-offset. However, it is 

unknown whether during repeated short memory reactivation trials 

reconsolidation is initially engaged or not. Therefore, it would be interesting to 

investigate the molecular mechanisms in a multi trial reactivation procedure in a 

reversed translational study (i.e., from human to rodent) of the experiment 

described in Chapter 6. Hypothetically, termination of the second unreinforced 

reminder trial might trigger reconsolidation (increase in NF-κB), which is suppressed 

by CaN as the number of unreinforced trials increase. 

 The current thesis did not address individual differences in effective 

reconsolidation induction. Fear learning varies widely among individuals and, 

critically, only some individuals experience the excessive fear, worry and disruption 

to everyday function following trauma (Bishop, 2007). Similarly, realization of 

memory destabilization could differ considerably between individuals. Successful 

induction of reconsolidation may be associated with differences resulting from 

epigenetic alterations. Epigenetics refers to a functional change in gene 
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expression that can be induced by environmental events but does not involve an 

alteration of the underlying DNA sequence (Novik et al., 2002). Such mechanisms 

offer the possibility of defining concrete molecular pathways by which 

environmental factors might directly alter gene expression. Thus, hypotheses for 

individual differences relating to gene expression and, possibly, susceptibility to 

retrieval-induced plasticity can be formulated. For example, it has been 

suggested that early life stress results in long lasting epigenetic-mediated 

reduction of NMDA receptor subunits (Roceri, Hendriks, Racagni, Ellenbroek, & 

Riva, 2002). NMDA receptors are critically involved in the destabilization of a 

consolidated fear memory (Mamou et al., 2006). It could be speculated that 

trauma early in life has a detrimental effect on cellular plasticity, resulting in a 

reduced ability to destabilize memory. It would be very interesting to see whether 

such an epigenetic-mediated vulnerability to retrieval induced plasticity exists and 

whether pharmacological manipulation can reverse the inability to trigger 

reconsolidation.  

 

Clinical implications 

The demonstration that reconsolidation serves the crucial adaptive function of 

incorporating new information in an already established memory trace to keep 

memories up to date advances our understanding of the mechanisms that 

underlie memory reconsolidation. However, the simple fear association learned in 

a laboratory setting is not equivalent to the excessive emotional memory that 

comes with anxiety disorders. While it is believed that CS-US associations lie at the 

core of fear memory, traumatic memory is embedded in a network that is as 

complex as it is extensive. However, preliminary evidence in PTSD patients suggests 

that propranolol administered before or after reactivation of the traumatic 

memory decreased trauma related physiological responding (Brunet et al., 2008) 

and PTSD symptoms, with most patients no longer meeting diagnostic criteria for 

PTSD (Brunet et al., 2011). Although promising, these studies lacked the necessary 

control conditions to conclude that fear reduction was the result of 

reconsolidation blockade. That is, control conditions that received propranolol in 

the absence of traumatic memory reactivation were not included. Hence, non-

specific effects of propranolol cannot be ruled out. Of great therapeutic promise 

is a recent pre-clinical trial with spider phobic individuals. Propranolol/placebo 

controlled administered after fear memory reactivation resulted in a dramatic 

drop of avoidance behaviour on later tests (Soeter & Kindt, in prep), while 
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propranolol in the absence of memory reactivation did not sort any fear reducing 

effects.  

The current thesis stresses that the interaction between the learning history 

and memory reactivation plays a crucial role in memory destabilization. The 

learning history cannot be similarly controlled in clinical practice as we did in the 

experimental setting. Sometimes patients do not seem to have had any direct 

history of fear learning, since simply observing others behaving fearfully or 

experiencing a trauma can already result in the development of anxiety disorders 

(Mineka & Zinbarg, 2006). It can be questioned whether this poses a problem for 

clinical practice. A pre-reactivation baseline of threat expectancy might actually 

be unnecessary in the clinical setting. The excessive fear experienced by patients 

suffering from anxiety disorders makes high threat expectancies likely. Therefore, 

absence of the expected threat during exposure should trigger memory 

destabilization, which enables interference with the reconsolidation of the fear 

memory. But when these procedures are translated to clinical practice, it is very 

important to control the amount of exposure, since a slight reduction of threat 

expectancy during exposure might already prevent memory destabilization and 

render the memory insensitive to manipulation (Chapter 6).  

Contextual influences may be critical in deciding whether new information 

during exposure destabilize the old memory trace or is stored as an additional 

memory trace. We hypothesize that in the experimental setting any event that 

occurs within an unfamiliar context will more rapidly be linked to this new context 

and not to the old one in which fear learning took place. This should especially be 

the case when threat expectancy is high; when the predicted outcome 

unexpectedly fails to occur this will be easily attributed to the new context.  

Similarly, the patient might ascribe the absence of the predicted feared event 

during exposure to the safe therapeutic context, which facilitates extinction 

learning over memory destabilization. Further research on the context influences 

on the outcome of memory retrieval is vital for the success of reconsolidation-

based therapy.  

 

Concluding remarks 

Memory has such a significant and omnipresent role in our daily lives that we 

usually do not pay much attention to it. This changes dramatically when an 

experience is so dreadful that the memory of it haunts us. Indeed, patients 

suffering from anxiety often struggle with the excessive strength, persistence, and 
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inflexibility of the fear memory. According to the traditional view on memory there 

was little hope for patients whose fear memory had evolved in excessive anxiety, 

since it was believed that once a memory had been consolidated it remained as 

a permanent trace. The current thesis contributes evidence that fear memory is 

more dynamic than was previously believed. We show that prediction error during 

memory reactivation controls memory plasticity. Hence, the results presented here 

confirm the hypothesis that the functional nature of the phenomenon of 

reconsolidation is to keep memories up to date with new relevant information. The 

insights in memory updating provide an application of tremendous clinical 

importance. We showed that reconsolidation-mediated memory updating could 

be disrupted by noradrenergic β-blocker propranolol, eliminating the emotional 

component of fear learning while leaving the conscious recollection of the fear 

learning episode intact. We are just starting to unravel the mechanisms that 

underlie memory reconsolidation. Research on reconsolidation is done in multiple 

disciplines, ranging from the molecular to the behavioural level, to the 

development of a clinical application. An integration of these disciplines is 

essential to advance the understanding of the basic mechanisms underlying 

memory plasticity and the development of new tools for clinical practice.  
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Anxiety disorders rank among the most prevalent and chronic forms of 

psychopathology. While commonly used therapeutic techniques, such as 

exposure therapy, are effective in reducing fear, there are high rates of relapse. 

Experimental models can account for the return of fear following initially successful 

fear reduction. During the repeated exposure to a feared object or situation a 

new inhibitory memory is formed. Crucially, while the original fear memory is 

suppressed by newly formed memory, it is not eliminated. Subsequently, when 

inhibition of the fear memory fails, fear will return.  

According to the traditional view on memory, once an emotional 

memory has been stored in the brain through the process of consolidation, the 

memory remains as a permanent trace and can no longer be modified. However, 

exciting insights from neuroscience showed that through re-exposure, a 

consolidated fear memory can return to a plastic state. From this plastic state the 

memory has to reconsolidate in order to endure, depending on new protein 

synthesis. Spectacularly, blocking protein synthesis after memory retrieval in 

rodents disrupted the process of reconsolidation, resulting in fear amnesia. Also, 

the first series of studies on reconsolidation disruption in humans showed that the 

noradrenergic β-blocker propranolol could eliminate learned fear, while leaving 

the factual knowledge of the fear-learning event intact. Several well-known 

techniques were not capable of recovering the fear response, indicating a far 

more permanent elimination of fear than conventional fear-reducing techniques 

can establish. Thus, disrupting reconsolidation may offer the unique possibility to 

directly target the excessive emotional memory that comes with anxiety disorders.  

Since its rediscovery in 2000, there has been a surge of interest in the 

phenomenon of reconsolidation. However, the conditions under which 

reconsolidation does and does not take place remain to be elucidated. It has 

been hypothesized that reconsolidation serves the adaptive function of updating 

the previously consolidated memories with new information. Yet, evidence for this 

hypothesis is rare in the animal literature and lacking when it comes to human fear 

memory. If we are to use disruption of reconsolidation as a therapeutic tool, it is 

crucial to gain further understanding of the conditions that allow and prevent 

reconsolidation. The aim of the current thesis was to unravel the mechanisms that 

determine whether memory reactivation effectively induces reconsolidation. 

In order to investigate the mechanisms underlying fear learning we used 

the experimental model of Pavlovian conditioning. During a typical conditioning 

session used in the studies described in the current thesis, participants learned to 
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associate an initially neutral conditioned stimulus (CS; a picture) with an intrinsically 

aversive consequence, the unconditioned stimulus (US; electrical stimulation). 

Another CS, the safe stimulus, was never paired with the aversive stimulus. At the 

end of the conditioning session participants demonstrated both heightened threat 

expectancy (i.e., expectation that the picture will be followed by the US) and 

fear-induced physiological responding (fear potentiated startle) for the picture 

that was coupled with the electrical stimulation compared to the safe stimulus. In 

the studies on reconsolidation the memory was reactivated one day later by 

presentation of the picture that was previously followed by the aversive stimulus 

and propranolol or placebo was administered. On day 3 the effects of pill 

administration on the reactivated memory were tested. First, participants 

underwent an extinction procedure (i.e., repeated unreinforced presentation of 

the CS). Next, three unsignaled USs were presented, a well-known technique to 

recover the extinguished conditioned response.  

Before addressing the functional role of reconsolidation we investigated 

the dissociation between threat expectancy and physiological fear responding in 

Chapters 2 and 3. Given that previous studies from our lab revealed differential 

effects of propranolol on threat expectancy and physiological fear responding, it 

is especially important to understand the response systems involved in fear 

learning. In Chapter 2 we manipulated awareness of the CS-US contingencies by 

presenting difficult to discriminate conditioned stimuli to investigate whether fear 

responding can take place in unaware participants. Indeed, participants were 

unable to learn the relation between the CS and the US, but these unaware 

participants did develop a conditioned fear response. Next, in Chapter 3 we 

investigated the effect of instructing the participants before extinction that the CS 

would no longer be followed by the US. This simple verbal instruction eliminated 

threat expectancy. In spite of the knowledge that the CS would not be reinforced, 

fear responding could still be observed. Also, while unsignaled presentation of the 

US did not recover threat expectation, the fear response did reinstate. Together, 

we demonstrated that being unaware of the contingencies or receiving a safety 

instruction dissociated threat expectancy and fear responding. Thus, these 

findings demonstrate that threat expectancy and physiological fear responding 

stem from different underlying response systems and can be differentially 

affected.  

The functional mechanisms of reconsolidation were addressed in a series of 

experiments described in Chapters 4, 5, and 6. Learning theories pose that 
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associative learning depends on prediction error (PE) – a discrepancy between 

expectation based on previous learning and actual events. If reconsolidation 

were to function as an update mechanism its induction should depend on PE-

driven learning during memory reactivation. In Chapter 4 we demonstrated that in 

absence of any learning during memory reactivation – by removing the US-

electrodes – propranolol could not sort any effect. Thus, when participants were 

completely certain of the outcome of CS presentation, nothing could be learned 

and reconsolidation did not take place. However, while we showed that absence 

of learning prevented reconsolidation, it remained to be demonstrated that PE-

driven learning was essential for memory destabilization.  

In Chapter 5 we established an index of PE. Previous studies from our lab 

already demonstrated that propranolol eliminates fearful responding but does not 

affect declarative memory. In Chapters 2 and 3 we confirmed that threat 

expectancy and fear responding stem from separate underlying mechanisms. 

Hence, we used the declarative knowledge about the CS-US contingencies as a 

measure of PE-driven learning during memory reactivation. Propranolol eliminated 

the fear response only when the reactivation trial induced a change in threat 

expectancy from the end of acquisition to the beginning of extinction. In contrast, 

propranolol did not affect the fear response when threat expectancy remained 

stable. Thus, PE-driven learning – measured by means of changes in threat 

expectancy – proved essential for memory destabilization. However, while we 

demonstrated that PE was a necessary condition for reconsolidation to occur, it 

might not be sufficient, given that PE can also give rise to the formation of a new 

memory trace. For example, during extinction learning repeated unreinforced re-

exposure (multiple PEs) eventually reduces both threat expectancy and fear 

responding. It has already been demonstrated that extinction prevents memory 

destabilisation. Nevertheless, the transition from updating of the original memory 

trace to the formation of a new extinction memory trace may occur long before 

the expression of the extinction memory (i.e., reduced fear responding) can be 

observed. In Chapter 6 we investigated the transition from memory 

reconsolidation to extinction. Post-retrieval changes in threat expectancy as an 

index for PE served as a read-out for the underlying processes engaged by 

memory reactivation. Again, we demonstrated that PE was essential for triggering 

reconsolidation. However, multiple PEs reduced US-expectancy but not fear 

responding during memory reactivation and prevented reconsolidation. These 

findings suggest that a reduction in US-expectancy during memory retrieval may 
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indicate the initiation of a new memory trace long before the fear expression itself 

diminishes. 

Chapter 7 provides a discussion of the results and addresses limitations 

and future research. The studies described in the current thesis provided evidence 

that reconsolidation indeed enables the updating of a consolidated memory. The 

main conclusions that can be derived from the thesis were that 1) expression of 

learned contingencies and fear responding stem from separate underlying 

mechanisms, 2) PE-driven learning is a necessary but not a sufficient condition for 

memory reconsolidation to occur, 3) reconsolidation is preceded and followed by 

phases that prevent modification of the original memory trace and, 4) changes in 

threat expectancy but not fear responding can serve as a read-out for the 

underlying memory process that is ultimately engaged by reactivation. These 

findings are of relevance for the mechanisms underlying learning and memory by 

demonstrating the unique role reconsolidation holds in memory plasticity. Finally, 

clinical practice will hopefully benefit from these insights in the development of 

new reconsolidation-based therapies for those who suffer from anxiety disorders 

and PTSD. 
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Angststoornissen zijn een van de meest voorkomende psychiatrische stoornissen. 

Hoewel de meest gangbare therapieën, zoals exposure therapie, angst succesvol 

weten terug te dringen, keert de angst bij een groot deel van de patiënten terug. 

Deze terugkeer van angst kan verklaard worden met behulp van experimentele 

modellen voor het aan- en afleren van angst. Tijdens de herhaalde blootstelling 

aan een gevreesd object of situatie wordt er een nieuw geheugen gevormd dat 

de oude angst onderdrukt. Omdat het oude angstgeheugen niet wordt gewist 

maar nog steeds aanwezig is, kan de angst terugkeren op het moment dat deze 

niet langer succesvol geïnhibeerd wordt.  

Consolidatie processen zorgen ervoor dat wanneer een individu wordt 

blootgesteld aan een gebeurtenis of informatie die angst opwekt dit wordt 

opgeslagen in het brein. Tot voor kort werd verondersteld dat wanneer 

consolidatie eenmaal had plaatsgevonden, het angstgeheugen permanent in 

het brein zou blijven. Spectaculaire bevindingen hebben deze kijk doen 

veranderen door aan te tonen dat geheugen niet per se permanent is. Door een 

geconsolideerd geheugen op te halen, ook wel reactiveren, kan het in een 

labiele staat komen. Om behouden te blijven moet het geheugen vanuit deze 

labiele staat opnieuw worden opgeslagen waardoor het geheugenspoor tijdelijk 

ontvankelijk is voor manipulatie. Dit proces van reconsolidatie berust op nieuwe 

proteïne synthese in het brein. Bij dieren is veelvuldig aangetoond dat het 

belemmeren van proteïne synthese na reactivatie van een angstgeheugen 

resulteert in amnesie voor de eerder aangeleerde angst. De eerste reeks studies in 

ons lab naar het blokkeren van reconsolidatie bij mensen liet op overtuigende 

wijze zien dat de noradrenerge β-blocker propranolol de aangeleerde angst kan 

elimineren. Opvallend was dat terwijl de angstrespons volledig gewist leek, de 

herinnering, of het declaratieve geheugen, aan het angstleren nog intact was. 

Veel gebruikte procedures om de angst te doen terugkeren slaagden hier niet in, 

hetgeen wijst op een meer permanente angstreductie dan conventionele 

therapieën kunnen bereiken. In tegenstelling tot de huidige therapieën, zou het 

verstoren van reconsolidatie de unieke mogelijkheid kunnen bieden om excessief 

emotioneel geheugen bij de wortels aan te pakken.  

 Sinds de herontdekking van reactivatie-geïnduceerde plasticiteit van 

geheugen in 2000 heeft het onderzoek naar reconsolidatie een vlucht genomen. 

Zo is het bekend dat geheugenreactivatie niet altijd tot reconsolidatie leidt. De 

condities waaronder reconsolidatie wel en niet optreedt moeten nog worden 

blootgelegd. De mogelijke functie van reconsolidatie kan hier meer inzicht in 
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verschaffen. Reconsolidatie zou zorgen voor het bijstellen van een eerder 

gevormd geheugen met nieuwe informatie. Hoewel vaak verondersteld, is er 

slechts spaarzaam bewijs voor deze hypothese in de dierliteratuur en is bewijs 

afwezig in de humane literatuur. Met het oog op de eventuele toepassing van 

reconsolidatie-verstoring in de klinische praktijk, is het van groot belang om de 

omstandigheden waaronder reconsolidatie optreedt te doorgronden. Het doel 

van het onderzoek beschreven in dit proefschrift was om de condities bloot te 

leggen waaronder geheugen reactivatie juist wel of niet het eerder gevormde 

geheugen spoor gevoelig maakt voor verandering. 

 De onderliggende mechanismen van angstleren werden onderzocht met 

behulp van het experimentele model voor angst conditioneren. Tijdens een 

typische conditioneringssessie, zoals in de studies hier beschreven, leerden de 

deelnemers een plaatje (geconditioneerde stimulus; CS) associëren met een 

aversieve gebeurtenis zoals een elektrische prikkel (ongeconditioneerde stimulus; 

US). Een tweede plaatje, de veilige stimulus, werd nooit gevolgd door de 

elektrische prikkel. Zodoende lieten deelnemers aan het eind van de 

conditioneringsfase zowel een hogere verwachting van de schok als een hogere 

fysiologische angstrespons (startle respons) zien voor het plaatje dat gepaard ging 

met de elektrische prikkel vergeleken met de veilige stimulus. Een dag later werd 

het geheugen opgehaald door het plaatje dat eerder door de elektrische prikkel 

werd gevolgd opnieuw te presenteren en kregen deelnemers een propranolol of 

placebo pil toegediend. Op de derde dag werd het effect van de pil op het 

opgehaalde geheugen getest. Deelnemers ondergingen eerst een 

extinctieprocedure, waarbij de plaatjes herhaaldelijk werden aangeboden 

zonder de aversieve gebeurtenis. Extinctie wordt beschouwd als het 

experimentele model voor angstreductie verkregen door blootstelling aan een 

gevreesd object of situatie (bijv. exposure therapie) zonder dat de gevreesde 

catastrofe (elektrische prikkel) plaatsvindt. Als propranolol de reconsolidatie van 

het angstgeheugen succesvol verstoort, zou deze extinctieprocedure dus niet 

langer nodig zijn omdat het oude angstgeheugen veranderd is en de 

angstrespons volledig  afwezig zal zijn. Wanneer deelnemers echter placebo 

hebben gekregen of reactivatie niet tot reconsolidatie leidt, zal de angst gewoon 

nog intact zijn en pas uitdoven met behulp van de extinctie procedure. Na 

extinctie werden er drie onaangekondigde elektrische prikkels gegeven, een 

bekende procedure om uitgedoofde angst terug te doen keren. Wanneer de 

reconsolidatie belemmerd is en geheugenopslag daardoor niet opnieuw plaats 
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heeft kunnen vinden, zou deze procedure juist niet tot terugkeer van angst 

moeten leiden. 

 Alvorens in te gaan op de condities waaronder reconsolidatie optreedt, 

werd eerst in Hoofdstuk 2 en 3 de dissociatie tussen schok verwachting en 

fysiologische angst respons onderzocht. Gezien eerdere studies uit ons lab 

aantoonden dat propranolol alleen effect had op de fysiologische angstexpressie 

en niet op het declaratieve geheugen (de schokverwachting), is het van belang 

de verschillende respons systemen die betrokken zijn bij angstleren beter te 

begrijpen. In Hoofdstuk 2 werd bewustzijn van de relatie tussen het plaatje en de 

elektrische prikkel (CS-US contingentie) gemanipuleerd. Dit deden we door twee 

plaatjes aan te bieden die makkelijk of moeilijk van elkaar te onderscheiden 

waren. Deelnemers die hierdoor niet in staat waren te leren welk van de twee 

plaatjes gepaard ging met de elektrische prikkel (geen differentiële 

schokverwachting), lieten alsnog een geconditioneerde angstrespons zien. 

Vervolgens onderzochten we in Hoofdstuk 3 het effect van een expliciete 

instructie dat het plaatje niet langer gevolgd zal worden door de schok 

voorafgaand aan een extinctie procedure. Deze simpele verbale instructie 

elimineerde de schokverwachting. Ondanks de kennis dat het plaatje niet langer 

bekrachtigd zou worden, was er wel fysiologische expressie van angst. Daarnaast 

resulteerden onverwachte prikkels na extinctie niet in terugkeer van 

schokverwachting bij de plaatjes maar wel in een terugkeer van de angstrespons. 

Samenvattend liet zowel het niet bewust zijn van de relatie tussen de plaatjes en 

de prikkel als het geven van een veiligheidsinstructie een dissociatie tussen de 

schokverwachting en de angstrespons zien. Deze bevindingen benadrukken dat 

schokverwachting en fysiologische angstexpressie voortkomen uit verschillende 

brein systemen en los van elkaar gemanipuleerd kunnen worden. 

 De mogelijke adaptieve rol van reconsolidatie werd behandeld in een 

reeks experimenten beschreven in Hoofdstuk 4, 5, en 6. Theoretische leermodellen 

gaan er van uit dat associatief leren berust op een predictie error (PE) – een 

discrepantie tussen dat wat verwacht wordt, uitgaand van eerdere ervaringen, 

en wat er daadwerkelijk gebeurt. Als reconsolidatie fungeert als een mechanisme 

dat het geheugen bijstelt wanneer er nieuwe relevante informatie wordt 

aangeboden, zou het in gang zetten van reconsolidatie afhankelijk moeten zijn 

van PE-geïnduceerd  nieuw leren. Dat wil zeggen dat alleen wanneer er iets 

geleerd kan worden tijdens het ophalen van het geheugen, het geheugen labiel 

wordt zodat de nieuwe informatie opgenomen kan worden in het oude 
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geheugenspoor. In Hoofdstuk 4 lieten we zien dat propranolol geen effect kon 

hebben op het moment dat deelnemers, door het weglaten van de 

schokelektrodes, niets konden leren tijdens geheugenreactivatie. Wanneer 

deelnemers zeker wisten dat het plaatje niet gevolgd werd door een schok viel er 

niets te leren en vond reconsolidatie niet plaats. Hoewel we hiermee 

demonstreerden dat bij afwezigheid van nieuw leren reconsolidatie niet optreedt, 

is dit nog geen direct bewijs dat PE essentieel is voor het proces van 

reconsolidatie. In Hoofdstuk 5 werd een index van PE-geïnduceerd  nieuw leren 

ontwikkeld. Eerdere studies hadden al aangetoond dat propranolol wel van 

invloed is op de angstexpressie maar het declaratieve geheugen intact laat. 

Daarbij lieten we in Hoofdstuk 2 en 3 zien dat schokverwachting en de 

angstrespons voortkomen uit verschillende onderliggende respons systemen. Dit 

stelde ons in staat om het leren over schokaanbieding tijdens 

geheugenreactivatie te gebruiken als een maat voor PE. Propranolol deed de 

angst expressie compleet verdwijnen, maar alleen wanneer geheugenreactivatie 

zorgde voor een verandering van schokverwachting van het eind van 

conditioneren naar het begin van extinctie. Propranolol had daarentegen geen 

effect wanneer de schokverwachting stabiel bleef. PE-geïnduceerd nieuw leren 

tijdens reactivatie, gemeten aan de hand van een verandering in 

schokverwachting, bleek dus essentieel voor reconsolidatie van het 

angstgeheugen. Hoewel dit demonstreerde dat PE een noodzakelijke 

voorwaarde is voor reconsolidatie, wil dit niet zeggen dat PE ook voldoende is 

voor het optreden van reconsolidatie. Als PE ook voldoende zou zijn, zou 

reactivatie altijd tot reconsolidatie leiden zolang PE plaatsvindt. Het is echter 

bekend dat PE ook betrokken is bij de formatie van een nieuw geheugen (in 

tegenstelling tot het bijstellen van het bestaande geheugen). Bijvoorbeeld, tijdens 

extinctieleren leidt herhaalde onbekrachtigde blootstelling (meerdere PEs) tot 

reductie van de schokverwachting en angstrespons. We weten dat wanneer de 

schokverwachting en angstrespons door extinctieleren zijn uitgedoofd, 

reconsolidatie niet langer op kan treden. De overgang van reconsolidatie naar de 

formatie van een nieuw extinctiegeheugen zou echter plaats kunnen vinden ver 

voordat het effect van extinctieleren (verminderde angst) waargenomen kan 

worden. In Hoofdstuk 6 onderzochten we de transitie van reconsolidatie naar 

extinctie. Verandering in schokverwachting als index voor PE gaf aan welk 

onderliggend proces door geheugenreactivatie in gang werd gezet. Hiermee 

lieten we wederom zien dat PE cruciaal was voor het induceren van 
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reconsolidatie. Meerdere PEs resulteerden in een daling in schokverwachting, 

maar niet in angstrespons tijdens geheugenreactivatie en zorgden er voor  dat 

reconsolidatie evengoed niet optrad. Deze resultaten wijzen erop dat een daling 

in schokverwachting tijdens het ophalen van geheugen aan zou kunnen geven 

dat de formatie van een nieuw geheugenspoor (bijv. extinctie) in gang wordt 

gezet en het oude geheugen niet langer ontvankelijk is voor manipulatie.  

 Hoofdstuk 7 geeft een overzicht en discussie van de resultaten, waarin 

geconcludeerd werd dat reconsolidatie inderdaad zorgt voor het bijstellen van 

een bestaand geheugen met nieuwe informatie. De belangrijkste conclusies die 

getrokken kunnen worden uit de studies beschreven in dit proefschrift waren dat 

1) expressie van contingentieleren en angst voortkomen uit verschillende 

onderliggende brein mechanismen, 2) PE-geïnduceerd nieuw leren noodzakelijk 

maar niet voldoende is voor het induceren van reconsolidatie, 3) reconsolidatie 

vooraf wordt gegaan en gevolgd door fases waarin het oude geheugen niet 

open staat voor verandering, en 4) verandering in de schokverwachting maar niet 

de angstrespons kan aangeven welk onderliggend proces er geïnduceerd wordt 

door geheugenreactivatie. Deze bevindingen benadrukken de unieke rol die 

reconsolidatie speelt bij geheugenplasticiteit en zijn op die manier relevant voor 

het begrip van de basale mechanismen onderliggend aan leren en geheugen. 

Tenslotte, deze inzichten zullen hopelijk de ontwikkeling van op reconsolidatie 

gebaseerde therapieën bevorderen om uiteindelijk het leed van hen die leiden 

aan angststoornissen terug te dringen. 
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