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General Introduction

General Introduction

Emotional memory is critical for adequate adaption to future risks. We obtain
our knowledge about the emotional significance of objects and events through
‘direct experiences’, ‘observational learning’, and ‘language’ (Rachman, 1977).
From an evolutionary perspective, it is extremely functional to never forget the
most important events in life. However, ‘emotional memory’ may also become
harmful and maladaptive, such as in patients with anxiety disorders. A valuable
experimental model for the pathogenesis of anxiety disorders is that they originate
from a learned association between a previously neutral or ambiguous event (i.e.,
Conditioned Stimulus, CS) (e.g., stranger) and an anticipated disaster (i.e.,
Unconditioned Stimulus, US) (e.g., physical attack). Patients suffering from anxiety
disorders feel, think, and act as if a feared stimulus (i.e., CS) predicts the later
occurrence of a negative outcome (i.e., US). They either persist in fear responding
whilst the acute threat already disappeared or they fear cues that are intrinsically
non-threatening.
Anxiety disorders rank among the most prevalent and chronic forms of
psychopathology with prevalences up to 12 % over the past 12 months (e.g.,
Vollebergh et al., 2003). Although Cognitive Behavioral Therapy (CBT) is highly
effective in treating most anxiety disorders, 19 to 62 % of the patients experience
a relapse1 (Craske, 1999). Exposure-based interventions, involving in vivo or
imaginary confrontations with the feared object (i.e., unpaired CS presentations),
are a crucial component of CBT for anxiety disorders. The prevailing view on the
return of fear after apparently successful treatment is that ‘exposure’ can
eliminate all fearful responding, but leaves the original fear memory intact (i.e.,
CS-US). Exposure solely involves the formation of a new inhibitory memory trace
(i.e., CS-noUS) that competes with the original fear memory (i.e., CS-US) (Bouton
1993, 2002; LeDoux, 1995). Partial or full reappearance of fear may thus be
explained by intact fear memories that resurface. Once a fear memory has been
established, it is held to be forever. Fresh insights from neuroscience, however,
suggest that it is unnecessarily defeatist to regard fear memory as permanent.

1

This percentage depends on population, time intervals, and operationalization of the
return of fear.
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Reconsolidation: An Update Mechanism
Claims about the indelibility of emotional memory originally derived from
research on memory ‘consolidation’ (e.g., McGaugh, 1966). Memory consolidation
refers to a time-dependent process by which newly learned information is
transformed into stable long-term memory (LTM). Crucial for the consolidation of
memory is the process of long-term potentiation (LTP), a long-lasting form of
synaptic plasticity, which is assumed to rely on the synthesis of proteins (e.g.,
Davis & Squire, 1984; Bailey & Kandel, 1993, Dudai & Morris, 2000; Kandel, 2001).
This assumption followed from research showing that post-training
administrations of protein synthesis inhibitors disrupt the formation of LTM (e.g.,
Flexner et al., 1965). Other treatments such as ‘electroconvulsive shock’ (e.g.,
Duncan, 1949) or ‘new competing learning’ have also been shown to disrupt LTM
formation. Critically, amnesic treatments targeting the process of consolidation
are only effective when administered shortly after initial learning. For instance, the
protein synthesis inhibitor ‘anisomycin’ is capable of inducing amnesia when
administered shortly after training but not after a delay of 6 hr (e.g., Schafe &
LeDoux, 2000). Over the years, such time-dependent effects led to the notion that
memory exists in two stages (i.e., ‘consolidation theory’): a labile state, in which it
is sensitive to disruption, and a stable state, in which memory is thought to be
‘fixed’ and no longer susceptible to previously effective amnesic treatments
(McGaugh, 1966).
The assumption that memories are consolidated over time into a permanently
‘fixed’ state was initially challenged in 1968 (Misanen et al., 1968). In line with the
earlier studies on memory consolidation (Duncan, 1949), electroconvulsive shock
did not affect memory performance when given 24 hr after initial learning.
However, if the memory was ‘reactivated’ before electroconvulsive shock
administration, the performance on a memory-recall task was impaired 24 hr later
(Misanen et al., 1968). The reactivation of the consolidated memory presumably
returned it to a labile state during which it was vulnerable to disruption (see Fig.
1.1). This phenomenon is now referred to as ‘reconsolidation’ (Spear, 1973;
Przybyslawski & Sara, 1997). Unfortunately, for reasons that remain unclear, the
dozens of studies demonstrating the effect across species and tasks had little
impact in the field of memory research in those days (e.g., DeVietti & Holliday,
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1972; DeVietti & Kirkpatrick, 1976; a detailed review of this literature is provided
by Sara, 2000).

Memory Reconsolidation
Protein Synthesis

Retrieval

Storage

Sensitive to Disruption

Insensitive to Disruption

Fig. 1.1. The process of reconsolidation, the protein synthesis dependent
restabilization of a memory upon retrieval, enables the modification of memory
representation.

Research on the reconsolidation effect was revitalized by a study on fear
memory in the rat (Nader et al., 2000). Nader and colleagues (2000) showed that a
reminder cue could bring well-consolidated fear memories back to a labile state,
where they could be disrupted by infusing the protein-synthesis inhibitor
‘anisomycin’ directly into the ‘amygdala’, a memory system known to be critical for
fear learning (LeDoux, 1996; Davis, 1997). Such impairments after drug
administrations were not observed in the absence of memory reactivation. The
amnesic treatment was also ineffective 6 hr after memory reactivation,
demonstrating that the post-reactivation restabilization process was timedependent, like ‘consolidation’. Together, these findings strongly support and
extend the earlier conclusions from the 1970s that the reactivation of a ‘fixed’ and
consolidated memory returns it to a labile state from which it has to restabilize
over time via de novo protein synthesis (Nader et al., 2000). Since then, numerous
animal studies have demonstrated that disrupting the reconsolidation process
engaged during retrieval prevents memory restorage and produces amnesia for
the original (fear) learning (Eisenberg et al., 2003; Duvarci & Nader, 2004; Suzuki et
al., 2004).
13
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Given that reconsolidation provides an update mechanism through which
original fear memories (i.e., CS-US) can be permanently changed (Nader et al.,
2000), targeting the process of reconsolidation may point to a promising
alternative strategy in the treatment of anxiety disorders, such as posttraumatic
stress disorder. Hence, one important direction for reconsolidation research is its
demonstration in human fear memory. However, in animals, the phenomenon of
reconsolidation is typically studied using protein synthesis inhibitors (e.g.,
‘anisomycin’) that are directly injected into the amygdala, which is not feasible in
humans. Recently, a study in rats demonstrated that the systemic administration
of propranolol HCl shortly after the reactivation of a previously acquired fear
memory also resulted in amnesia for the original fear learning (Dębiec & LeDoux,
2004). Propranolol HCl, a noradrenergic β-blocker2, is supposed to specifically act
on the β-adrenergic receptors in the basolateral amygdala (McGaugh, 2004),
thereby inhibiting the ‘noradrenaline-induced’ CREB phosphorylation (Thonberg et
al., 2002). Several lines of evidence suggest that CREB (i.e., cAMP response
element binding) is one of the transcription factors regulating the synthesis of
proteins necessary for the formation of long-term (fear) memory (e.g., Guzowski &
McGaugh, 1997; Josselyn et al., 2001; Davies et al., 2004). Indeed, in humans, the
β-blocker propranolol HCl has been shown to impair the formation of memory for
emotionally arousing material (Cahill et al., 1994; van Stegeren et al., 1998;
Hurlemann et al., 2005). Accordingly, β-blockers are currently being evaluated as
potential agents for the secondary prevention of PTSD (Pitman et al., 2002; Vaiva
et al., 2003). However, given that it is often not possible to administer a
‘consolidation-blocking’ agent at an initial trauma or triggering event, the
possibility of later eliminating fear memory by pharmacologically disrupting
reconsolidation is of particular clinical relevance. Thus, taken together, a crucial
question is whether propranolol HCl also disrupts the reconsolidation of human
fear memory. If we can modify the original fear memory (i.e., CS-US) through
targeting the process of reconsolidation, then we might be able to provide a longterm cure for patients suffering from anxiety disorders.
2

The drug propranolol HCl is a very common ‘β-blocker’ discovered in the late fifties by

Nobel Prize winner James W. Black and is prescribed by GPs every day, mainly for the
treatment of hypertension.
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Experimental Model of Fear
Pavlovian fear conditioning serves a well-controlled experimental model to
unravel the processes and mechanisms underlying fear memory in humans. In a
typical fear conditioning procedure in the laboratory, a neutral or ambiguous
stimulus (i.e., Conditioned Stimulus, CS) (e.g., tone) acquires the capacity to elicit
fear responses after the pairing with an intrinsically aversive event (i.e.,
Unconditioned Stimulus, US) (e.g., electric stimulus). A large body of evidence
indicates that the ‘amygdala’ is critically involved in the acquisition and expression
of this conditioned fear responding (i.e., CRs) (LeDoux, 1996, 2000; Davis, 1997).
By consequence, the presentation of the feared stimulus (i.e., CS) activates the
‘amygdala’ among several other brain regions, which in turn drives fear behavior
(i.e., CRs). Even though Pavlovian fear conditioning is not necessarily the means
through which human fear originates (Rachman, 1977), it offers an excellent
model of ‘associative learning’, which is considered to play an important role in the
aetiology of anxiety disorders.
The effect of ‘exposure therapy’ on anxiety disorders is often attributed to the
Pavlovian extinction of fear responding (Bouton, 1988). In a typical extinction
procedure, a stimulus (CS; e.g., tone) that has acquired the ability to elicit fear
reactions through conditioning is repeatedly presented in the absence of the
aversive event. Though extinction is highly effective in eliminating all fearful
responding, it does not destroy the original learning (i.e., CS-US) but instead
generates new learning (i.e., CS-noUS) that acts to inhibit or competes with the
original fear association (Bouton, 1993; LeDoux, 1995). That is, during the retrieval
of extinction learning (i.e., CS-noUS), the ventral medial prefrontal cortex (vmPFC)
is thought to inhibit the amygdala so that the feared stimulus (i.e., CS) is prevented
from eliciting conditioned fear responding (i.e., CRs) (Milad et al., 2006; Rauch et
al., 2006; Sotres-Bayon et al., 2006; Milad et al., 2007). However, several animal as
well as human experimental studies show that a variety of post extinction
processes can prevent the vmPFC from inhibiting the amygdala, thereby allowing
the original fear memory to recover (i.e., CS-US) (Bouton, 2002, 2004; Hermans et
al., 2006). For instance, if the aversive event (i.e., US) is presented on its own
following extinction learning, it can cause ‘reinstatement’ of the extinguished fear
responding to the conditioned stimulus (i.e., CS; e.g., Rescorla & Heth, 1975). A
return of fear can also occur when the context is changed after extinction learning
15
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(i.e., ‘renewal’; e.g., Bouton & Bolles, 1979). Moreover, if time elapses following
fear extinction, the extinguished responding can recover ‘spontaneously’ (i.e.,
‘spontaneous recovery’, e.g., Baum, 1988). The rapid ‘reacquisition’ of fear post
extinction learning further demonstrates that the original fear association (i.e., CSUS) is not destroyed but rather ‘saved’ (e.g., Napier et al., 1992; Ricker & Bouton,
1996). From a clinical perspective, post extinction retrieval effects may provide the
mechanisms of relapse after successful exposure therapy (Bouton, 1988). At the
same time, post extinction retrieval techniques (i.e., ‘reinstatement’, ‘renewal’,
‘spontaneous recovery’, and ‘reacquisition’) offer a potent means to trigger the
original fear memory in the experimental setting. For that reason, the Pavlovian
fear conditioning paradigm is well suited to investigate whether targeting the
process of reconsolidation results in a permanent reduction of fear responding.

Outcome Measures of Human Fear Conditioning:
Conditioned fear responding in humans is typically assessed on a subjective as
well as a physiological level. On the subjective level, participants are for instance
asked to what extent they expect a stimulus (CS) to be followed by an aversive
event (US) (i.e., US expectancy ratings) or to rate their subjectively experienced
distress (i.e., anxiety, tension, or nervousness) during a CS presentation (i.e.,
distress ratings). The physiological component of fear is usually measured by the
´eyeblink´ startle reflex or skin conductance responding.
Startle in response to an intense stimulus with a sudden onset is a universal
reflex that serves a protective function and involves multiple motor actions, the
most robust of which is the eyeblink (Landis & Hunt, 1939). The amplitude of the
eyeblink is therefore typically used to index startle magnitude in humans. Startle
procedures involve electromyogram (EMG) measurements in which muscle activity
is assessed from electrodes placed over the orbicularis oculi muscle (i.e., just
beneath the lower eyelid). The most commonly used startle-eliciting stimulus is
the ‘startle probe’, a loud noise that is presented during a stimulus or in the
interval between two stimulus presentations (i.e., intertrial interval). Eyeblink
reflexes to the loud noise elicited during aversive states (e.g., in anticipation of an
electric stimulus) are potentiated as compared to responses evoked during neutral
states (Lang et al., 1990). Conditioned fear responding is indexed by a larger
eyeblink to probes presented during a conditioned stimulus (i.e., CS1+) relative to a
16
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control stimulus (i.e., CS2-) that is never paired with the US (e.g., electric stimulus).
Given that human startle potentiation is only observed during aversive fear
conditioning (Weike et al., 2007), it is considered to be a reliable and specific index
of fear (Hamm & Weike, 2005). Startle potentiation is directly connected with and
modulated by the ‘amygdala’ and fear-conditioning procedures yield highly
reliable and robust startle potentiation (Davis, 2006).
Skin conductance responding (SCR) refers to electrodermal activity caused by
the activity of sweat glands (Lykken & Venables, 1971). The skin conductance
response is typically measured by electrodes attached to the first and third fingers
of the non-preferred hand. Similar to the startle reflex, conditioned responding is
reflected by larger skin conductance responses in reaction to the CS1+ as
compared to the CS2-. However, a main disadvantage of SCR discrimination is that
it is not only observed for aversive conditioning but also for nonaversive, but
arousing events (e.g., reaction time tasks or positive pictures) (e.g., Hamm & Vaitl,
1996). Thus, electrodermal conditioning seems to primarily reflect ‘anticipatory
arousal’ rather than emotional learning (Weike et al., 2007).

Outline of the Present Thesis
The aim of the present thesis is to test whether targeting the process of
reconsolidation results in a permanent reduction of fear. We addressed this issue
by using a differential fear conditioning paradigm with fear-relevant stimuli (e.g.,
pictures of spiders or guns). We employed fear-relevant stimuli because they lead
to a superior conditioning of aversive associations and are especially resistant to
extinction learning compared with fear-irrelevant cues (Mineka & Öhman, 2002;
Lang et al., 2005). Moreover, given that most anxiety disorders are associated with
these categories of stimuli, we are specifically interested in targeting stronger fear
memory. In order to maximize the likelihood of fear memory expression, we used
all of the well-established post-extinction retrieval techniques (i.e.,
‘reinstatement’, ‘spontaneous recovery’, ‘reacquisition’, and ‘renewal’) over the
various experiments.
In Chapter 2 we tested whether disrupting reconsolidation by the oral
administration of propranolol HCl prior to memory reactivation would diminish
fear responding and prevent the return of fear relative to placebo pill. Next, in
Chapter 3, we tested if the positive findings from Chapter 2 could be replicated
17
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and whether the fear-erasing effects would persist over time or recover
spontaneously. However, in Chapter 2 and Chapter 3, the typical differential fear
conditioning paradigm (i.e., CS1-US vs. CS2) did not allow any inference about the
nature of the fear memory ‘erasure’. That is, due to the systemic (as opposed to
intra-amygdala) drug administration, the erasure of the startle fear responding
could also have resulted from a more diffuse effect of the propranolol HCl
manipulation by reducing the fear-provoking aspects of the aversive consequence
itself (i.e., US). In considering clinical implications, disrupting reconsolidation
should not radically alter functional reactions to potentially dangerous situations
(i.e., US), but ‘selectively’ weaken the underlying maladaptive fear association (i.e.,
CS1-US). On the other hand, disrupting reconsolidation should not be restricted to
the feared cue itself but rather spread to category-related information considering
that fear generalization is a main characteristic of anxiety disorders. In Chapter 4,
we addressed these issues by using a within-subject differential fear conditioning
paradigm allowing selective reactivation of one of two categorically distinct fear
associations sharing the same aversive outcome (i.e., US) and a test of fear
generalization. We further tested in Chapter 4 whether a behavioral approach
targeting the process of reconsolidation through extinction learning was also
effective in weakening the original fear memory. Given that ‘strong’ fear memory
has been proposed to prevent reconsolidation from occurring, we first tested in
Chapter 5 whether we could strengthen fear memory by stimulating noradrenergic
activity during fear learning (i.e., yohimbine HCl). Next, we tested in Chapter 6
whether stimulation of the noradrenergic system during memory formation would
impair the disruption of reconsolidation. We also tested in Chapter 6 whether the
noradrenaline-induced strengthening of fear memory would broaden the
generalization of fear responding. In order to discard the effect of the propranolol
HCl manipulation on the memory retrieval itself, we further tested in Chapter 6
whether the β-blocker could also be administered after reactivation of the
memory. As disrupting reconsolidation had thus far only been shown to diminish
the emotional expression of fear memories (i.e., startle fear responding), we
tested in Chapter 7 whether targeting the process of reconsolidation would
diminish the subjective feelings of anxiety. Moreover, considering that patients
with anxiety disorders often fear objects and situations that they have never
actually experienced, we tested in Chapter 7 whether an aversive event that was
only ‘imagined’ (i.e., instructed fear learning) instead of really experienced (i.e.,
18
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Pavlovian fear conditioning) would also undergo reconsolidation. Finally, in
Chapter 8, the main findings of the studies presented in this thesis are summarized
and discussed.
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Beyond Extinction:
Erasing Human Fear Responses and
Preventing the Return of Fear

This chapter is based on the article that is published as:
Kindt, M., Soeter, M., & Vervliet, B. (2009). Beyond Extinction: Erasing
Human Fear Responses and Preventing the Return of Fear. Nature
Neuroscience, 12, 256-258.

Chapter 2

Animal studies have shown that fear memories can change when recalled, a
process referred to as reconsolidation. We found that oral administration of the
-adrenergic receptor antagonist propranolol HCl before memory reactivation in
humans erased the behavioral expression of the fear memory 24 hr later and
prevented the return of fear. Disrupting the reconsolidation of fear memory
opens up new avenues for providing long-term cure for patients with emotional
disorders.
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Since the dawn of psychology at the end of the nineteenth century,
psychologists and psychiatrists have tried with dozens of pharmacological and
psychological treatments to change undesired emotional memory. However, even
the most effective treatments only eliminate fearful responding, leaving the
original fear memory intact (Bouton, 2002), as is substantiated by the high
percentages of relapse after apparently successful treatment (Craske, 1999). Once
emotional memory is established, it appears to last forever. From an evolutionary
perspective, it is extremely functional to never forget the most significant events in
life. However, the putative indelibility of emotional memory can also be harmful
and maladaptive, such as in some trauma victims who suffer from dreadful
memories and anxiety. If emotional memory could be weakened or even erased,
then we might be able to eliminate the root of many psychiatric disorders, such as
post-traumatic stress disorder. Recently, it was rediscovered that fear memory in
animals is not necessarily permanent, but can change when retrieved (Nader et al.,
2000; Dudai, 2006; Tronson & Taylor, 2007). The reactivation of a consolidated
(fear) memory can return it to a labile, supposedly protein synthesis-dependent
state, a process referred to as reconsolidation (Nader et al., 2000). Reconsolidation
of fear memory can be influenced by neurobiological manipulations during or
shortly after the reactivation period (Tronson & Taylor, 2007). These
manipulations are thought to alter protein synthesis directly (Nader et al., 2000) or
by interacting with the release of neurotransmitters (e.g., norepinephrine) within
the amygdala (McGaugh, 2004; Canal & Gold, 2007). At the behavioral level, this
may lead to changes in later expressions of that fear memory. In particular,
infusion of a β-adrenergic blocker (i.e., propranolol HCl) into the amygdala of rats
shortly after the reactivation period of a previously acquired fear association
impaired the fear expression on a long-term test. Apparently, propranolol HCl
disrupts the reconsolidation of reactivated fear memories (Dębiec & LeDoux,
2004). Animal and human studies have shown that adrenal stress hormones
activate adrenergic receptors in the amygdala and that the basolateral amygdala is
essential for fear memory (McGaugh, 2004; van Stegeren et al., 2005).
In this human study we tested the hypotheses that the fear response can be
weakened by disrupting the reconsolidation process and that disrupting the
reconsolidation of the fear memory will prevent the return of fear. To test these
hypotheses, we used a differential fear-conditioning procedure with fear-relevant
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stimuli. Testing included different phases across three days: fear acquisition (day
1), memory reactivation (day 2) and extinction followed by a reinstatement
procedure and a test phase (day 3). The conditioned fear response was measured
as potentiation of the eyeblink startle reflex to a loud noise (40 ms; 104 dB) by
electromyography (EMG) of the right orbicularis oculi muscle. Stronger startle
responses to the loud noise during the fear conditioned stimulus (CS1+) as
compared to the control stimulus (CS2-) reflects the fearful state of the participant
elicited by the feared stimulus (CS1+). Startle potentiation taps directly into the
amygdala and fear conditioning procedures yield highly reliable and robust startle
potentiation (Davis, 2006). In addition, declarative knowledge of the contingency
between the conditioned stimulus and the unconditioned stimulus was measured
through online shock expectancy ratings during each CS presentation.
Reconsolidation of fear memory was manipulated by the administration of
propranolol HCl (40 mg, n = 20), randomized and double-blind placebo controlled
(n = 20). In order to test whether the effect of propranolol HCl requires active
retrieval of the fear memory, propranolol HCl (40 mg) was administered to a
control condition (n = 20) without reactivation of the memory.

Materials and Methods
Participants
Sixty undergraduate students (17 men, 43 women) from the University of
Amsterdam ranging in the age of 18 to 28 (mean ± SD age, 20.70 ± 4.1 years)
participated in the study. All participants were assessed to be free from any
current or previous medical or psychiatric condition that would contraindicate
taking a single 40 mg oral dose of propranolol HCl (i.e., pregnancy, seizure
disorder, respiratory disorder, cardiovascular disease, BP < 90/60, diabetes, liver or
kidney disorder, depression, and psychosis). In order to eliminate individuals who
might have difficulty with any temporary symptoms induced by the propranolol
HCl manipulation, an additional exclusion criterion contained a high score (i.e.,
index above 26) on the ASI (Peterson & Reiss, 1992). Participants were randomly
assigned to one of two conditions with the restriction that conditions were
matched on SPQ (Klorman et al., 1974) scores as close as possible; pill placebo (n =
20; mean SPQ score ± SD, 6.10 ± 3.9) and propranolol HCl (n = 20; mean SPQ score
± SD 9.10 ± 6.3). For the additional control condition (i.e., propranolol no
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reactivation; n = 20) a mean SPQ score of 8.05 (SD = 5.1) was obtained. The
participants received either partial course credits or were paid a small amount
(€ 35,-) for their participation in the experiment. The study was approved by the
ethical committee of the University of Amsterdam and informed consent was
obtained from all participants.
Apparatus and Materials
Stimuli. In order to strengthen the fear association during acquisition, fear
relevant stimuli served as CSs (i.e., pictures of spiders; IAPS numbers 1200 - 1201)
(Lang et al., 2005). The slides were 200 mm high and 270 mm wide and were
presented in the middle of a black screen on a 19-inch computer monitor. One of
the slides (CS1+) was followed by an US (75 % of the presentations), while the
other slide (CS2-) was not. Assignment of the slides as CS1+ and CS2- was
counterbalanced across participants. Both the CS1 and CS2 stimuli were presented
for 8 s. The startle probe was presented 7 s after CS onset and was followed by the
US (CS1+) 500 ms later. An electric stimulus with duration of 2 msec, delivered to
the wrist of the non-preferred hand, served as US. Delivery of the electric stimulus
was controlled by a Digitimer DS7A constant current stimulator (Hertfordshire, UK)
via a pair of Ag electrodes of 20 by 25 mm with a fixed inter-electrode middistance of 45 mm. A conductive gel (Signa, Parker) was applied between the
electrodes and the skin.
Fear Potentiated Startle. The conditioned fear response (CR) was measured
as potentiation of the eyeblink startle reflex to a loud noise by electromyography
(EMG) of the right orbicularis oculi muscle. Startle potentiation taps directly into
the amygdala and fear conditioning procedures yield highly reliable and robust
startle potentiation (Davis, 2006). The loud noise (40 ms; 104 dB) was
administered during each CS presentation and during intertrial intervals (NA: Noise
Alone). Two 7 mm Ag/AgCl electrodes filled with electrolyte gel were positioned
approximately 1 cm under the pupil and 1 cm below the lateral canthus. In order
to maintain electrically identical paths and reduce common noise, the ground
reference was placed ± 3 cm below the orbicularis oculi pars orbitalis on an
electrically neutral site. All acoustic stimuli were delivered binaurally through
headphones (Model MD-4600; Compact Disc Digital Audio, Monacor). The eyeblink
EMG activity was measured using a bundled pair of electrode wires connected to a
front-end amplifier with an input resistance of 10 MΩ and a bandwidth of DC-1500
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Hz. To remove unwanted interference, a notch filter was set at 50 Hz. Integration
was handled by a true-RMS converter (i.e., contour follower) with a time constant
of 25 msec. The integrated EMG signal was sampled at 100 Hz. Peak amplitudes
were identified over the period of 20 - 200 ms following startle probe onset.
US Expectancy Measures. Rated expectations of the US were measured
online during CS presentation using a computer mouse on a continuous rating
scale placed within reach of the preferred hand. The scale consisted of 11 points
labeled from ‘certainly no electric stimulus’ (-5) through ‘uncertain’ (0) to ‘certainly
an electric stimulus’ (5). The scale and the participant’s rating were continuously
presented at the bottom of the computer screen in order to encourage
participants to focus their attention to the CSs. Participants were required to rate
the expectancy of an electric stimulus during the presentation of each slide by
shifting the cursor on the scale and push the left mouse button within 5 s following
stimulus onset, that is, before administration of the startle probe. Once the slides
disappeared, the cursor automatically returned to the ‘uncertain’ position.
Blood Pressure. Blood pressure was measured using an electronic
sphygmomanometer (OMRON M4-I, Healthcare Europe BV, Hoofddorp, The
Netherlands), with a cuff applied around the right upper arm.
Pharmacological Treatment. Propranolol HCl (40 mg) and placebo pills were
prepared and blinded by the pharmacy (Huygens Apotheek, Voorburg, The
Netherlands).
Subjective Assessments. State and trait anxiety were assessed with the State
and Trait Anxiety Inventory (i.e., STAI-S and STAI-T) (Spielberger et al., 1970). The
degree of spider fear was determined by the Spider Phobic Questionnaire (SPQ)
(Klorman et al., 1974). The Anxiety Sensitivity Index (ASI) (Peterson & Reiss, 1992)
was used to assess one’s tendency to respond fearfully to anxiety-related
symptoms.
Experimental Procedure
The experiment consisted of different phases across three subsequent days
each separated by 24 hr. During each session, participants sat behind a table with
a computer monitor at a distance of 50 cm in a sound-attenuated room. Each
phase began with a 1-min acclimation period consisting of 70 dB broadband noise,
which continued throughout the session as background noise, followed by a
habituation phase consisting of ten startle probes to reduce initial startle
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reactivity. Characteristics of the CSs, trial order, ITIs, and startle probes as well as
the instructions regarding the US expectancy measures during memory
reactivation (day 2) and extinction-test (day 3) were similar to acquisition (day 1).
Assignment of the slide as CS1+ and CS2- was counterbalanced across participants.
Acquisition. Details of the various study procedures were explained in full and
possible questions were answered. Participants were interviewed regarding their
health and any medical or psychiatric conditions that would contraindicate taking
a single dose of 40 mg of propranolol HCl. In addition, blood pressure was
measured. Once a participant was medically cleared, written informed consent
was obtained and the ASI, SPQ, and STAI-S were administered.
After attachment of the EMG and shock electrodes, the intensity of the US
was determined by gradually increasing the level of a 2-ms aversive electric
stimulus delivered to the wrist of the non-preferred hand. The intensity of shock
was individually set at a level defined by the participant as ‘uncomfortable, but not
painful’. After US selection, the participants were informed regarding the US
expectancy measures. They were instructed to look carefully at both slides, as an
electric stimulus would follow one of the slides in general, while the other slide
would never be followed by the US. They were told that they should learn to
predict whether an electric stimulus would occur or not on basis of the two slides.
Participants were required to rate the expectancy of the electric stimulus during
the presentation of each slide by shifting a cursor on a continuous 11-point rating
scale and push the left mouse button within 5 s following stimulus onset, that is,
before administration of the startle probe.
In the acquisition phase, both the CS1 and CS2 were presented 8 times for 8 s.
The startle probe was presented 7 s after CS onset and was followed by the US 500
ms later. In order to prevent that the memory reactivation trial on day 2 would
result in extinction learning, only 75 % of the presentations of the CS1 were
reinforced (LaBar et al., 1998). Furthermore, 8 startle probes were presented
alone (Noise Alone; NA). Intertrial intervals (ITI) varied between 15, 20, and 25 s
with a mean of 20 s. Order of trial and ITI were quasi-random, with the restriction
that no more than two consecutive trials or ITIs were of the same type.
At the conclusion of the acquisition phase, participants were explicitly
instructed to remember what they had learned. These instructions were included
to enhance retention of the CS-US contingency on the following days (Norrholm et
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al., 2006) and to prevent participants from erroneously expecting a different
contingency scheme during subsequent testing.
Memory Reactivation. In order to substantiate consolidation of the fear
memory, a break of 24 hr after acquisition was inserted. In view of the peak
plasma concentration of propranolol HCl (Gilman & Goodman, 1996), participants
were given double-blind an oral dose of 40 mg propranolol HCl or pill placebo 90
minutes before memory reactivation. Administration of propranolol HCl and pill
placebo was randomized across participants with the restriction that conditions
were matched on SPQ scores as close as possible. Before pill administration and
upon completion of the experiment, participants filled out the STAI-S and blood
pressure levels were obtained.
After electrode attachment, participants were told that the same two slides of
spiders would be presented. They were asked to look carefully at both slides and
to remember what they had learned during acquisition. Further instructions
regarding the US expectancy measures were similar to day 1. Reconsolidation of
fear memory can be separately manipulated from extinction by a single as
opposed to repeated unreinforced CS presentations (Doyère et al., 2007). In the
memory reactivation phase, a single unreinforced CS1-R was presented for 8 s,
followed by a startle probe presented alone. The procedure for the propranolol no
reactivation condition paralleled the above, excepts for excluding memory
reactivation and the electrode attachment.
Extinction, Testing. In view of the elimination half-life (Gilman & Goodman,
1996) and the possible effects of propranolol HCl on the startle fear response
(Davis et al., 1993), extinction - reinstatement testing took place 24 hr after drug
intake, allowing the drug to wash out before testing. Therefore, we could test the
specific effect of propranolol HCl on the subsequent fear responding.
Instructions regarding the CSs only revealed that the same two pictures of
spiders provided during acquisition would be presented. In the extinction phase,
the participants were exposed to both the CS1- and CS2- for 10 times without the
US. Furthermore, 10 startle probes were presented alone (NA). After the
extinction procedure, participants received three unsignaled USs. The time
between the last extinction trial and the first reinstating US was 19 s. Following the
unsignaled USs, participants were presented with another 5 CS1-, CS2-, and NA
trials (reinstatement testing). The time between the reinstating USs and
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reinstatement testing was 18 s. At the end of the experiment, participants
completed the STAI-T.
Statistical analyses
Startle responses and US expectancy ratings were analyzed by means of a
mixed analysis of variance for repeated measures (ANOVA) with condition
(propranolol HCl vs. pill placebo or propranolol HCl vs. propranolol no reactivation
or pill placebo vs. propranolol no reactivation) as between-subjects factor and
stimulus (CS1 vs. CS2) and trial (i.e., stimulus presentation) as within-subjects
factors. Planned comparisons were performed for each condition separately. The
first three as well as the last three trials of each stimulus type (CS1 vs. CS2) were
averaged and compared over testing phases respectively. Missing data point were
excluded from the analyses. Significance was set at P < 0.05.

Results
The propranolol HCl and pill placebo condition did not differ in terms of
reported spider fear [t38 < -1.7], trait anxiety [t38 < 1] and shock intensity [t38 < 1].
We also observed no differences in reported spider fear between the propranolol
no reactivation and the other two conditions [ts38 < 1]. However, comparison of
trait anxiety showed a marginally significant difference between the propranolol
no reactivation (mean ± SD = 37.65 ± 4.05) and the pill placebo condition (mean ±
SD = 32.15 ± 3.92) [t38 = -1.99, P = .055, two-tailed]. The difference between the
propranolol no reactivation and propranolol condition (mean ± SD = 32.95, ± 5.07)
approached significance [t38 = –1.85, P = .072, two-tailed]. Furthermore, the
intensity of shock was significantly lower in the propranolol no reactivation (mean
± SD = 11.45 ± 3.88) as compared to the placebo condition (mean ± SD = 16.00 ±
4.71) [t38 = 2.08, P < .05, two-tailed] and compared to the propranolol condition
the effect approached significance (mean ± SD = 14.10 ± 3.25) [t38 = -1.74, P = .091,
two-tailed]. The differences in trait anxiety and US intensity will be discussed in the
analyses of the startle fear response and US expectancy ratings. Consistent with
other studies (Grillon et al., 2004), the propranolol HCl manipulation did not affect
the reported state anxiety that was assessed before and after pill intake on day 2
[moment x condition, Fs1,38 < 1.4].
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Manipulation Check Propranolol HCl
Analysis of the effect of propranolol HCl on blood pressure in the propranolol
and propranolol no reactivation condition revealed the expected decrease in both
systolic [moment x condition, F1,38 = 6.10, P < 0.05, ηp2 = .14; F1,38 = 9.47, P < 0.01,
ηp2 = .20, respectively] and diastolic blood pressure [moment x condition, F1,38 =
5.25, P < 0.05, ηp2 = .12; F1,38 < 4.51, P < 0.05, ηp2 = .09, respectively] in comparison
to pill placebo. No differences in decrease of both the systolic and diastolic blood
pressure were observed between the propranolol and propranolol no reactivation
condition [F1,38 < 1.7], indicating that both propranolol conditions exerted a similar
physiological effect. Further analysis of blood pressure showed that, in the
propranolol condition, the systolic blood pressure significantly decreased from
127.95 mmHg (SD = 9.9) to 113.50 mmHg (SD = 8.4) [t19 = 7.50, P < 0.001, twotailed] and the diastolic blood pressure from 77.15 mmHg (SD = 6.5) to 70.35
mmHg (SD = 4.9) after pill intake [t19 = 4.29, P < 0.001, two-tailed]. In the placebo
condition, we observed no decrease of either systolic or diastolic blood pressure
[t19 < 1.54; t19 < 1.15, respectively]. In addition, in the propranolol no reactivation
condition, both the systolic and diastolic blood pressure significantly decreased
from 124.60 mmHg (SD = 11.3) to 107.95 mmHg (SD = 9.4) [t19 = 8.99, P < 0.001,
two-tailed] and from 72.55 mmHg (SD = 5.3) 68.40 mmHg (SD = 4.9) [t19 = 3.20, P =
0.05, two-tailed] after pill intake, respectively.
Fear Potentiated Startle Response
Propranolol vs. Placebo. Analysis of variance showed fear conditioning on day
1 [stimulus x trial, F1,38 = 46.91, P < 0.001, ηp2= .55] (Fig. 2.1). We observed no
difference in fear learning between the propranolol and placebo group [stimulus x
trial x condition, F1,38 < 1.37]. On day 2, the two groups expressed comparable
levels of startle responding during the fear memory reactivation (CS1-R) [t38 < 1]. In
addition, the conditioned fear memory was equally well consolidated in the two
groups, as is indicated by both the absence of a significant main effect of trial from
the last three acquisition trials (CS1+) to the reactivation trial (CS1-R) [F1,38 < 1], and
the absence of a trial x condition interaction effect [F1,38 < 1]. These data
demonstrate that propranolol did not directly affect the expression of the fear
memory. Propranolol did also not reduce the startle response per se, as we found
no effects of propranolol HCl on the habituation trials [main effect of condition
and trial x condition interaction, Fs1,35 < 1].
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However, as can be seen in Figure 2.1, the administration of propranolol
significantly decreased the differential startle response 48 hr later, that is, from
acquisition (trial 6-8, day 1) to extinction (trial 1-3, day 3), whereas the differential
startle response remained stable in the placebo condition [stimulus x trial x
condition, F1,38 = 17.17, P < 0.001, ηp2= .31]. Post hoc comparisons indeed showed
that propranolol strongly reduced the expression of fear memory [stimulus x trial,
F1,19 = 25.47, P < 0.001, ηp2= .57], while the differential startle response remained
stable in the pill placebo condition [stimulus x trial, F1,19 < 1]. In the propranolol
condition, the conditioned fear response was not only reduced, but even
eliminated since we no longer observed the differential startle response (CS1versus CS2-) (extinction trial 1-3, day 3) [t19 < 1.22]. In contrast, the differential
startle response remained significant in the placebo condition [t19 = 5.26, P <
0.001, two-tailed].
Given that the differential startle response was already eliminated in the
propranolol condition, the two groups differed over the course of extinction
training on day 3 [stimulus x trial x condition, F1,38 = 5.38, P < 0.05, ηp2= .12]. Post
hoc comparisons showed a significant decrease of the differential startle response
in the placebo condition [stimulus x trial, F1,19 = 11.31, P < 0.005, ηp2= .37], but no
change of the differential startle response in the propranolol condition [stimulus x
trial, F1,19 < 1] (Fig. 2.1). At the end of extinction (trial 8-10), the differential startle
response was still lower in the propranolol condition than in the placebo condition
[stimulus x condition, F1,38 = 7.94, P < 0.01, ηp2= .17].
Exposure to the aversive stimulus (US) following extinction has been shown to
reinstate the expression of the original fear memory in animals (Bouton, 2002) and
humans (Norrholm et al., 2006). Evidence for a reinstatement effect is indicated by
an increase of the differential startle response from the last extinction trials (trial
8-10) to the first test trial. Comparison of the reinstatement effect between the
propranolol and placebo condition showed significantly more reinstatement in the
placebo condition [stimulus x trial x condition, F1,37 = 8.72, P < 0.01, ηp2= .19].
Figure 2.1 indeed shows a significant reinstatement effect in the placebo condition
[stimulus x trial, F1,18 = 10.33, P < 0.01, ηp2= .37], but not in the propranolol
condition [stimulus x trial, F1,19 < 1]. The reinstatement procedure did even not
reveal any differential startle response to the first test trial in the propranolol
group [t19 < 1].
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Fear Potentiated Startle
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Fig. 2.1. Mean startle potentiation to the feared stimulus (CS1), the control stimulus (CS2)
and noise alone (NA) trials during acquisition, memory reactivation, extinction and test for
the (A) Placebo Reactivation, (B) Propranolol Reactivation, and (C) Propranolol no
Reactivation Group. Error bars represent SEM.
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Analysis of the startle response to Noise Alone trials (NA) unveiled neither a
significant difference between the propranolol and placebo condition in the
acquisition phase [main effect of pill, F1,38 < 1], nor to the one NA trial during
memory reactivation [t38 <1]. However, during extinction the startle response to
the NA trials was slightly attenuated in the propranolol condition compared to the
placebo condition though not significant [main effect of pill, F1,38 = 3.11, P < 0.09,
ηp2= .08]. Moreover, the response to the first NA trial during test (i.e., after
reinstatement) was reduced in the propranolol condition compared to the placebo
condition [t36 = 2.06, P < 0.05, two-tailed], suggesting that the fear erasure effect at
test (day 3) generalized to the context.
Propranolol no Reactivation. Trait anxiety and shock intensity differed
between the propranolol no reactivation condition and both other conditions. In
order to control for the possible effects of these variables on the startle response,
we calculated Pearson correlations for both the whole sample and for the separate
conditions. Only one significant correlation appeared between trait anxiety and
the startle response to the control stimulus (CS2) after reinstatement in the
propranolol no reactivation condition [r = 0.49, P < 0.05, two-tailed]. Therefore,
only the analysis of the reinstatement effect of the differential startle response
(CS1 vs. CS2) included trait anxiety as a covariate. Note that the positive
correlation between trait anxiety and startle response to the control stimulus (CS2)
is in line with other human fear conditioning studies (Grillon & Ameli, 2001;
Grillon, 2002).
Analysis of the differential startle response (CS1 vs. CS2) on day 1 showed no
difference in fear learning from trial 1-3 to trial 6-8 between the propranolol no
reactivation and placebo condition [F1,38 < 1], but a marginally significant
difference was observed between the propranolol no reactivation and propranolol
condition [F1,38 = 3.87, P = 0.056, p2 =.09]. Further analysis showed a significant
increase of the differential startle response during acquisition in both the
propranolol no reactivation [F1,19 = 13.50, P < 0.01, p2 =.42] and the propranolol
condition [F1,19 = 28.01, P < 0.001, p2 =.60]. Note that the superior acquisition
observed in the propranolol condition in comparison to the propranolol no
reactivation condition (Fig. 2.1) works against the hypothesis that administration
of propranolol combined with active retrieval of the fear memory would reveal
less fear responses at test.
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Similar to the placebo condition, the differential startle response remained
stable from the last acquisition trials (trial 6-8) on day 1 to the first extinction trials
(trial 1-3) on day 3 [F1,38 < 1] (Fig. 2.1). Hence, we observed a normal fear response
in the propranolol no reactivation condition 48 hr after acquisition (day 3).
Moreover, the reduction of the conditioned startle response in the propranolol
condition 24 hr after reactivation differed significantly from the propranolol no
reactivation condition [F1,38 = 29.02, P < 0.001, p2 =.43] (Fig. 2.1). In contrast to the
propranolol condition, the differential startle response in the propranolol no
reactivation condition even slightly increased from day 1 to day 3 [F1,19 = 3.65, P =
0.07, p2 =.16]. Thus, the decrease of the fear response in the propranolol
condition is dependent on the active retrieval of the fear memory.
Analysis of extinction learning showed no difference of the startle response
(CS1 vs. CS2) from trial 1-3 to trial 8-10 between the propranolol no reactivation
and the placebo condition [F1,38 < 1]. In addition, the course of extinction between
the propranolol no reactivation and the propranolol condition differed significantly
[F1,38 = 13.46, P < 0.01, p2 =.26] (Fig. 2.1). The extinction training significantly
reduced the differential startle response in the propranolol no reactivation
condition [F1,19 = 35.40, P < 0.001, p2 =.65], whereas we observed no differential
change of the startle response in the propranolol condition [F1,19 < 1].
Analysis of the reinstatement effect with trait anxiety as covariate showed no
difference between the propranolol no reactivation and placebo condition for the
differential startle response (CS1 vs. CS2) from the last extinction trials (trial 8-10)
to the first reinstatement trial [F1,36 < 1.2]. Hence, the fear reinstatement was not
affected by the administration of propranolol HCl without active retrieval of the
fear memory. Comparison of the reinstatement effect between the propranolol no
reactivation and propranolol condition did not reveal the expected difference [F1,36
< 2.0]. However, as can be seen in Figure 2.1, not only the startle response to the
feared CS1 but also to the control CS2 increased after the US only trials. Analysis of
the reinstatement effect within the propranolol no reactivation condition showed
a significant increase of the startle response (i.e., reinstatement effect for both
CS1 and CS2) from the last extinction trials (trial 8-10) to the first reinstatement
trial [F1,19 = 7.40, P < 0.05, p2 =.28], but no increase of the differential startle
response (CS1 vs. CS2) [F1,19 < 1.7]. The observation that the return of fear after
reinstatement is not only observed for the feared stimulus (CS1), but also for the
control stimulus (CS2), indicates a generalization of the previously acquired fear to
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the safety signal in the propranolol condition without reactivation. This
generalization effect has also been observed in other studies on fear
reinstatement in humans (Dirikx et al., 2004, 2007). Since the generalization of fear
was only observed in the propranolol no reactivation condition, further analysis of
the fear reinstatement comprised the startle response to the feared CS1.
Comparison of the propranolol no reactivation and propranolol condition revealed
a significant difference of the fear reinstatement to the CS1 [F1,37 = 4.46, P < 0.05,

p2 =.11], indicating that the absence of fear reinstatement in the propranolol
condition was dependent on the active retrieval of the fear memory (Fig. 2.1).
Analysis of the fear reinstatement in the propranolol no reactivation condition
indeed showed a significant return of fear to the feared stimulus (CS1) [F1,19 = 8.40,
P < 0.01, p2 =.31]. Interestingly, the placebo and propranolol no reactivation
condition both revealed a complete post-extinction recovery of the fear response,
as is indicated by no difference in startle responding to the last acquisition trial
(CS1) and the first reinstatement trial [ts19 < 1.4] (Fig. 2.1). In sum, both the oral
administration of propranolol HCl and the reactivation of the fear memory seemed
to be necessary for the observed eradication of the fear response.
Analysis of the startle response to the Noise Alone trials (NA) unveiled no
significant differences between the propranolol no reactivation and placebo
condition during acquisition and extinction [main effect of pill, Fs1,38 < 1.5], nor to
the first NA trial after reinstatement [t36 < -1.1]. Also, we observed no differences
in startle responding to the NA trials between the propranolol no reactivation and
propranolol condition during acquisition [main effect of pill, F1,38 < 2.2]. However,
similarly to the differences between the propranolol and placebo condition, the
startle responses to the NA trials were lower in the propranolol condition than in
the propranolol no reactivation condition during extinction [main effect of pill, F1,38
= 8.35, P < 0.01, p2 = .18] and after reinstatement [t38 = -2.96, P < 0.01, twotailed]. Again, this suggests that the amnesic effect of propranolol HCl not only
disrupted the reconsolidation of the previously learned fear association but also its
context.
US Expectancy Ratings
Propranolol vs. Placebo. We found no effects of the propranolol HCl
manipulation on the US expectancy ratings [stimulus x trial x condition, Fs1,38 < 1]
(Fig. 2.2). In both the propranolol and placebo condition, we observed a significant
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US Expectancy Ratings
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Fig.2.2. Mean US expectancy ratings to the feared stimulus (CS1) and the control stimulus
(CS2) during acquisition, memory reactivation, extinction and test for the (A) Placebo
Reactivation, (B) Propranolol Reactivation, and (C) Propranolol no Reactivation Group.
Error bars represent SEM.
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differential increase in US expectancy (CS1 vs. CS2) during acquisition [stimulus x
trial, F1,38 = 190.92, P < 0.001, p2 = .83], a significant decrease in US expectancy
during extinction [stimulus x trial, F1,38 = 111.78, P < 0.001, p2 = .75] and a
significant reinstatement effect [stimulus x trial, F1,38 = 23.04, P < 0.001, p2 = .38]
(Fig. 2.2).
Propranolol no Reactivation. Analysis of the US expectancy data revealed no
differences in acquisition, extinction and fear reinstatement between the
propranolol no reactivation condition and the other two conditions [stimulus x
trial x condition, Fs1,38 < 2.4] (Fig. 2.2). Separate analyses for the propranolol no
reactivation condition showed a significant acquisition effect [F1,19 = 116.95, P <
0.001, p2 = .86] and a significant extinction effect [F1,19 = 48.61, P < 0.001, p2 =
.72]. In line with the startle responses, we observed a reinstatement effect for
both the feared stimulus (CS1) and the control stimulus (CS2) [F1,19 = 10.03, P <
0.01, p2 = .35], but no differential fear reinstatement effect [F1,19 < 1]. Analysis of
the US expectancy to the feared CS1 stimulus alone also showed a significant
reinstatement effect [F1,19 = 8.73, P < 0.01, p2 = .32].

Discussion
In sum, oral administration of the -adrenergic receptor antagonist
propranolol HCl before reactivation of a fear memory resulted in a substantial
weakening of the fear response. We used fear-relevant stimuli (i.e., pictures of
spiders) because these are especially resistant to extinction following fear
conditioning (Mineka & Öhman, 2002). Even more notable is our finding that one
reactivation trial combined with the administration of propranolol HCl completely
eliminated the behavioral expression of the fear memory 24 hours later. Second,
our finding that a well-established retrieval technique for fear memories (i.e.,
reinstatement) failed to uncover any fear response suggests that the fear memory
may either be erased (i.e., storage theory) or may be unavailable as a result of
retrieval failure (i.e., retrieval theory) (Tronson & Taylor, 2007). Note that no
behavioral procedure is currently available that differentiates between these two
views of amnesia (Nader & Wang, 2006). Notably, the propranolol HCl
manipulation left the declarative memory for the acquired contingency between
the conditioned and unconditioned stimulus intact, but this knowledge no longer
produced emotional effects. Our finding that propranolol eliminated the fear
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response, without affecting declarative memory, is consistent with the observed
double dissociation of fear conditioning and declarative knowledge relative to the
amygdala and hippocampus in humans (Phelps, 2004). Propranolol selectively acts
on the -adrenergic receptors in the amygdala during emotional information
processing in animals and humans (McGaugh, 2004; van Stegeren et al., 2005). It
may be hypothesized that beta-adrenergic blockade during reconsolidation
selectively disrupts the protein synthesis of the amygdalar fear memory, resulting
in deconsolidation of the fear memory trace, while leaving the declarative memory
in the hippocampus untouched.
Our findings are consistent with a recent preliminary study of patients with
post-traumatic stress disorder in which post-retrieval propranolol HCl seemed to
reduce subsequent physiological responding to traumatic memory (Brunet et al.,
2008). Together, these results strongly suggest that -adrenergic receptors are
critically involved in the reconsolidation process of conditioned fear memories in
humans. It is clear that -adrenergic blockade during reconsolidation
outperformed the traditional extinction procedure. But most importantly, and in
contrast to the traditional extinction procedure, disrupting reconsolidation of fear
memory prevented the return of fear. Millions of people suffer from emotional
disorders and the relapse of fear, even after successful treatment. Our findings
may have important implications for the understanding and treatment of
persistent and self-perpetuating memories in patients suffering from emotional
disorders.
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Dissociating Response Systems:
Erasing Fear from Memory

This chapter is based on the article that is published as:
Soeter, M., & Kindt, M. (2010). Dissociating Response Systems: Erasing
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In addition to the extensive evidence in animals, we previously showed that
disrupting reconsolidation by noradrenergic blockade produced amnesia for
the original fear response in humans. Interestingly, the declarative memory for
the fear association remained intact. These results asked for a solid
replication. Moreover, given the constructive nature of memories, the intact
recollection of the fear association could eventually ‘rebuild’ the fear memory,
resulting in the spontaneous recovery of the fear response. Yet, perseverance
of the amnesic effects would have substantial clinical implications, as even the
most effective treatments for psychiatric disorders display high percentages of
relapse. Using a differential fear conditioning procedure in humans, we
replicated our previous findings by showing that administering propranolol HCl
(40 mg) prior to memory reactivation eliminated the startle fear response 24
hr later. But most importantly, this effect persisted at one-month follow-up.
Notably, the propranolol HCl manipulation not only left the declarative
memory for the acquired contingency untouched, but also skin conductance
discrimination. In addition, a close association between declarative knowledge
and skin conductance responses was found. These findings are in line with the
supposed double dissociation of fear conditioning and declarative knowledge
relative to the amygdala and hippocampus in humans. They support the view
that skin conductance conditioning primarily reflects contingency learning,
whereas the startle response is a rather specific measure of fear. Furthermore,
the results indicate the absence of a causal link between the actual knowledge
of a fear association and its fear response, even though they often operate in
parallel. Interventions targeting the amygdalar fear memory may be essential
in specifically and persistently dampening the emotional impact of fear. From
a clinical and ethical perspective, disrupting reconsolidation points to
promising interventions persistently erasing fear responses from trauma
memory without affecting the actual recollection.

44

Dissociating Response Systems

Memories are fundamentally dynamic processes. They are constructive in
nature and always changing (Nader, 2003). The phenomenon of reconsolidation,
the stabilization of a memory after retrieval, enables the modification of
memory representation (Nader et al., 2000). Abundant evidence in animals
indicates that blockade of the reconsolidation process following memory
reactivation, produces amnesia for the original learning (Nader et al., 2000).
Recently, the study of reconsolidation blockade of emotional (fear) memory
progressed from animals to humans (Brunet et al., 2008; Kindt et al., 2009). We
demonstrated that oral administration of a β-adrenergic receptor antagonist
(i.e., propranolol HCl) prior to reactivation of a fear memory resulted in amnesia
of the fear memory expression in humans 24 hr later (Kindt et al., 2009).
Interestingly, the propranolol HCl manipulation left the declarative memory for
the learned fear association between the conditioned stimulus and its aversive
consequence intact, but this knowledge no longer produced a fear response.
This remarkable dissociation is clearly in line with the concept of multiple
memory systems, involving a distinction between declarative memory (i.e., the
conscious recollection of facts and events) and procedural memory, expressed
through performance rather than recollection (Squire, 2004). While declarative
memory is based on the functional integrity of the hippocampal complex (Squire
et al., 2004), the acquisition and expression of a fear response requires intact
amygdala functioning (LeDoux, 2000). Hence, the observed double dissociation
of fear conditioning and declarative knowledge relative to the amygdala and
hippocampus further highlights the independent function of these two memory
systems (Phelps, 2004; LaBar & Cabeza, 2006).
Even though the amygdala and hippocampal complex can operate
independently, they also interact in subtle but important ways (Phelps, 2004;
LaBar & Cabeza, 2006). For instance, hippocampal-dependent declarative
memories can lead to activation of the amygdala, mediating our emotional
reactions (Phelps, 2004). Alternatively, disrupting the reconsolidation of the
hippocampal memory trace or hippocampal-dependent extinction learning can
produce amnesia for the amygdalar fear memory (LeDoux, 2000; Bouton, 2002).
Since declarative memories are supported by the gradual formation of a more
distributed memory network, complete or partial disruption of the hippocampal
memory trace could eventually be ‘reconstructed’ (Nakazawa et al., 2002;
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Amaral et al., 2008), reactivating the emotional (fear) memory accordingly. In a
similar vein, extinction learning involves the formation of a new inhibiting
hippocampal association that leaves the original fear memory unaffected
(Bouton, 2002). Thus, the putative inhibitory role performed by the
hippocampus could be essential in the spontaneous recovery of (fear) memory
expression (i.e., transient amnesia). If disrupting reconsolidation of fear memory
will be of value for clinical practice, persistent rather than transient amnesic
effects are desired.
In this human fear conditioning study, we replicated and extended our
previous study (Kindt et al., 2009) by testing whether disrupting the
reconsolidation process by noradrenergic blockade would persistently reduce the
fear response from its memory. In order to maximize the likelihood of fear
memory expression, we included two well-established retrieval techniques, that
is, the administration of reminder shocks on both day 3 and during follow-up,
and a long-term test one month later. Participants were subjected to a
differential fear conditioning procedure including different phases: fear
acquisition (day 1), memory reactivation (day 2), extinction followed by a
reinstatement procedure and a test phase (day 3), and a follow-up session
including an additional extinction, reinstatement and test phase one month later
(day 30). Fear conditioning typically involves the pairing of an initially neutral
conditioned stimulus (CS+) with an intrinsically aversive unconditioned stimulus
(US) (e.g., electric shock). The conditioned fear response (CR) was measured as
potentiation of the eyeblink startle reflex to a loud noise by electromyography
(EMG) of the right orbicularis oculi muscle. Stronger startle responses to the
loud noise during the fear conditioned stimulus (CS+) as compared to the control
stimulus (CS-) reflects the fearful state of the participant elicited by the feared
stimulus (CS+). Potentiation of the startle blink response is only observed during
aversive fear conditioning (Weike et al., 2007). Neurally, it reflects the influence
of direct and indirect connections from the amygdala to the primary startlereflex pathway in the brainstem (Davis & Whalen, 2001). Declarative knowledge
of the fear association was measured through online US-expectancy ratings
during each CS presentation within 5 s after stimulus onset. In addition, skin
conductance responses were obtained as an objective measure of expectancy
learning. Note, however, that SCR discrimination is not only observed for
aversive but also for nonaversive conditioning. It primarily reflects the more
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cognitive level of contingency learning (i.e., declarative knowledge) (Weike et
al., 2007). Reconsolidation of the fear memory was manipulated by the systemic
administration of propranolol HCl, double-blind placebo controlled. To
determine whether the effect of propranolol required active retrieval of the fear
memory, propranolol HCl was administered to another fear-conditioned group
without reactivation of the memory.
We hypothesized that disrupting reconsolidation by noradrenergic blockade
would result in the persistent weakening of the startle fear response, while
leaving the declarative memory for the fear association intact. Given the close
association between declarative knowledge and electrodermal activity (Hamm &
Weike, 2005), we reasoned that β-adrenergic blockade during memory
reactivation would not sort any effect on skin conductance conditioning. Salivary
alpha amylase (sAA) and blood pressure levels were obtained to ensure the
propranolol manipulation exerted its intended physiological effect. US
evaluation and state anxiety were assessed to test whether the expected
reduction in startle responses could be explained by any general effects of
propranolol HCl on these variables.

Materials and Methods
Participants
Sixty undergraduate students (15 men, 45 women) from the University of
Amsterdam ranging in the age of 18 to 46 years (mean ± SD age, 20.4 ± 3.8
years) participated in the study. All participants reported to be free from any
current or previous medical or psychiatric condition that would contraindicate
taking a single 40 mg oral dose of propranolol hydrochloride (i.e., pregnancy;
seizure disorder; respiratory disorder; cardiovascular disease; diabetes; liver or
kidney disorder; previous adverse reaction to a β-blocker; use of another βblocker; use of medication that could involve potentially dangerous interactions
with propranolol HCl; depression; or psychosis). To be eligible for participation,
blood pressure had to be ≥ 90/60 mmHg during medical screening as well as
before pill intake the following day. In order to eliminate individuals who might
have difficulty with any temporary symptoms induced by propranolol HCl, an
additional exclusion criterion contained a score ≥ 26 on the Anxiety Sensitivity
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Index (ASI) (Peterson & Reiss, 1992). Three participants were excluded before
data collection: respiratory disorder (n = 2); depression (n = 1).
Participants were randomly assigned to one of two conditions with the
restriction that conditions were matched on Spider Phobic Questionnaire (SPQ)
(Klorman et al., 1974) scores as close as possible; pill placebo (n = 20; mean SPQ
score ± SD, 6.9 ± 4.7) and propranolol HCl (n = 20; mean SPQ score ± SD, 6.6 ±
6.0). For the additional control condition (i.e., propranolol no reactivation; n =
20) a mean SPQ score of 6.9 (SD = 5.3) was obtained. Participants received either
partial course credits or were paid a small amount (€ 49,-) for their participation
in the experiment. The study was approved by the ethical committee of the
University of Amsterdam and informed consent was obtained from all
participants.
Apparatus and Materials
Stimuli. In order to strengthen the fear association during acquisition, fear
relevant stimuli served as CSs (i.e., pictures of spiders; IAPS numbers 1200 1201) (Lang et al., 2005). The slides were 200 mm high and 270 mm wide and
were presented in the middle of a black screen on a 19-inch computer monitor.
One of the slides (CS1+) was followed by an US (75 % of the presentations), while
the other slide (CS2-) was not. Assignment of the slides as CS1+ and CS2- was
counterbalanced across participants. Both the CS1 and CS2 stimuli were
presented for 8 s. The startle probe was presented 7 s after CS onset and was
followed by the US (CS1+) 500 ms later. An electric stimulus with duration of 2
msec, delivered to the wrist of the non-preferred hand, served as US. Delivery of
the electric stimulus was controlled by a Digitimer DS7A constant current
stimulator (Hertfordshire, UK) via a pair of Ag electrodes of 20 by 25 mm with a
fixed inter-electrode mid-distance of 45 mm. A conductive gel (Signa, Parker)
was applied between the electrodes and the skin.
Fear Potentiated Startle. The conditioned fear response (CR) was measured
as potentiation of the eyeblink startle reflex to a loud noise by
electromyography (EMG) of the right orbicularis oculi muscle. Startle
potentiation taps directly into the amygdala and fear conditioning procedures
yield highly reliable and robust startle potentiation (Davis, 2006). The loud noise
(40 ms; 104 dB) was administered during each CS presentation and during
intertrial intervals (NA: Noise Alone). Two 7 mm Ag/AgCl electrodes filled with
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electrolyte gel were positioned approximately 1 cm under the pupil and 1 cm
below the lateral canthus. In order to maintain electrically identical paths and
reduce common noise, the ground reference was placed ± 3 cm below the
orbicularis oculi pars orbitalis on an electrically neutral site. All acoustic stimuli
were delivered binaurally through headphones (Model MD-4600; Compact Disc
Digital Audio, Monacor). The eyeblink EMG activity was measured using a
bundled pair of electrode wires connected to a front-end amplifier with an input
resistance of 10 MΩ and a bandwidth of DC-1500 Hz. To remove unwanted
interference, a notch filter was set at 50 Hz. Integration was handled by a trueRMS converter (i.e., contour follower) with a time constant of 25 msec. The
integrated EMG signal was sampled at 100 Hz. Peak amplitudes were identified
over the period of 20 - 200 ms following startle probe onset. Note that in our
previous study (Kindt et al., 2009) the magnitude of the fear potentiated startle
was multiplied by factor two.
Skin Conductance Response. Electrodermal activity (SCR) was measured
using an input device with a sine shaped excitation voltage (± .5 V) of 50 Hz,
derived from the mains frequency. The input device was connected to two
Ag/AgCl electrodes of 20 by 16 mm. The electrodes were attached to the medial
phalanges of the first and second 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). Skin conductance responses elicited by the CS were
determined by taking the average baseline (i.e., 2 s before CS onset) to peak
difference within the 1 to 7 s window following stimulus onset. A minimum
response criterion of 0.02 micro Siemens (μS) was used. All other responses
were scored as zero and remained in the analyses (Effting & Kindt, 2007). The
raw SCR scores were square root transformed to normalize distributions.
US Expectancy Measures. Rated expectations of the US were measured
online during CS presentation using a computer mouse on a continuous rating
scale placed within reach of the preferred hand. The scale consisted of 11 points
labeled from ‘certainly no electric stimulus’ (-5) through ‘uncertain’ (0) to
‘certainly an electric stimulus’ (5). The scale and the participant’s rating were
continuously presented at the bottom of the computer screen in order to
encourage participants to focus their attention to the CSs. Participants were
required to rate the expectancy of an electric stimulus during the presentation
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of each slide by shifting the cursor on the scale and push the left mouse button
within 5 s following stimulus onset, that is, before administration of the startle
probe. Once the slides disappeared, the cursor automatically returned to the
‘uncertain’ position.
Blood Pressure. Blood pressure was measured using an electronic
sphygmomanometer (OMRON M4-I, Healthcare Europe BV, Hoofddorp, The
Netherlands), with a cuff applied around the right upper arm.
Saliva Sampling. The salivary enzyme α-amylase (sAA) is supposed to be a
reliable indicator of noradrenergic activation (van Stegeren et al., 2006). Levels
were assessed out of unstimulated saliva samples obtained using regular cotton
Salivette sampling devices (Sarstedt, Nümbrecht, Germany) without chemical
stimulants. Subjects were instructed just to place the swab in their mouths for 3
min. After removal, the salivettes were stored at -25 °C. Upon completion of the
study, the samples were sent to Groningen for biochemical analysis (Universitair
Medisch Centrum, Groningen, The Netherlands).
Pharmacological Treatment. Propranolol HCl (40 mg) and placebo pills
were prepared and blinded by the pharmacy (Huygens Apotheek, Voorburg, The
Netherlands).
Subjective Assessments. State and trait anxiety were assessed with the
State and Trait Anxiety Inventory (i.e., STAI-S and STAI-T) (Spielberger et al.,
1970). The degree of spider fear was determined by the Spider Phobic
Questionnaire (SPQ) (Klorman et al., 1974). The Anxiety Sensitivity Index (ASI)
(Peterson & Reiss, 1992) was used to assess one’s tendency to respond fearfully
to anxiety-related symptoms. In addition, evaluation of the US was measured on
a 11-point rating scale ranging from -5 (unpleasant) to 5 (pleasant).
Experimental Procedure
The experiment consisted of different phases across three subsequent days
each separated by 24 hr and a follow-up session one month later. During each
session, participants sat behind a table with a computer monitor at a distance of
50 cm in a sound-attenuated room. Each phase began with a 1-min acclimation
period consisting of 70 dB broadband noise, which continued throughout the
session as background noise, followed by a habituation phase consisting of ten
startle probes to reduce initial startle reactivity. Characteristics of the CSs, trial
order, ITIs, and startle probes as well as the instructions regarding the US
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expectancy measures during memory reactivation (day 2), extinction-test (day
3), and follow-up were similar to acquisition (day 1). Assignment of the slides as
CS1+ and CS2- was counterbalanced across participants.
Acquisition. Details of the various study procedures were explained in full
and possible questions were answered. Participants were interviewed regarding
their health and any medical or psychiatric conditions that would contraindicate
taking a single dose of 40 mg of propranolol HCl. In addition, blood pressure was
measured. Once a participant was medically cleared, written informed consent
was obtained and the ASI, SPQ, and STAI-S were administered.
After attachment of the startle, skin conductance and shock electrodes, the
intensity of the US was determined. Starting at an intensity of 1 mA, the level of
a 2-ms aversive electric stimulus delivered to the wrist of the non-preferred
hand was gradually increased. The intensity of shock was individually set at a
level defined by the participant as ‘uncomfortable, but not painful’ and
remained set to this intensity throughout the following days. After US selection,
participants were informed regarding the US-expectancy measures. They were
instructed to look carefully at both slides, as an electric stimulus would follow
one of the slides in general, while the other slide would never be followed by
the US. They were told that they should learn to predict whether an electric
stimulus would occur or not on the basis of the slides. Participants were
required to rate the expectancy of the electric stimulus during the presentation
of each slide by shifting a cursor on a continuous 11-point rating scale and push
the left mouse button within 5 s following stimulus onset, that is, before
administration of the startle probe.
In the acquisition phase, both the CS1 and the CS2 were presented 8 times
for 8 s. The startle probe was presented 7 s after CS onset and was followed by
the US 500 ms later. In order to prevent that the memory reactivation trial on
day 2 would result in extinction learning, only 75 % of the presentations of the
CS1+ were reinforced (LaBar et al., 1998). To assess the fear responses to the
context, 8 baseline startle probes were presented alone (Noise Alone; NA).
Intertrial intervals (ITI) varied between 15, 20, and 25 s with a mean of 20 s.
Order of trial and ITI were quasi-random, with the restriction that no more than
two consecutive trials or ITIs were of the same type.
At the conclusion of the acquisition phase, participants were asked to
evaluate the pleasantness of the US. In addition, they were explicitly instructed
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to remember what they had learned. These instructions were included to
enhance retention of the CS-US contingency on the following days (Norrholm et
al., 2006) and to prevent participants from erroneously expecting a different
contingency scheme during subsequent testing. To facilitate salivary sampling,
participants were instructed to refrain from exercise, caffeine, and alcohol
during the 12 hr before the memory reactivation. Furthermore, they were asked
to abstain from brushing their teeth for 1 h and avoid food intake, drinking any
beverages other than water, and smoking for 2 h before the experiment.
Memory Reactivation. In order to substantiate consolidation of the fear
memory, a break of 24 hr after acquisition was inserted. In view of the peak
plasma concentration of propranolol (Gilman & Goodman, 1996), participants
received double-blind an oral dose of either 40 mg of propranolol HCl or pill
placebo 90 min prior to memory reactivation (CS1-R). Administration of
propranolol HCl and pill placebo was randomized across participants with the
restriction that conditions were matched on SPQ scores as close as possible.
Before pill administration and upon completion of the experiment, participants
filled out the STAI-S and blood pressure levels were obtained. In addition, at
these time points, saliva samples were collected. To this end, the participants
were instructed just to place the swab in their mouths for 3 min.
After electrode attachment, participants were told that the same two slides
of spiders would be presented and they were asked to remember what they had
learned during acquisition. Further instructions regarding the US-expectancy
measures were similar to day 1. Reconsolidation of fear memory can be
separately manipulated from extinction by a single as opposed to repeated
unreinforced presentations (Doyère et al., 2007). In the memory reactivation
phase, a single unreinforced CS1-R was presented for 8 s, followed by a startle
probe presented alone. The procedure for the propranolol no reactivation
condition paralleled the above, except for excluding memory reactivation and
the electrode attachment.
Extinction, Testing. In view of the elimination half-life (Gilman & Goodman,
1996) and the possible effects of propranolol HCl on the startle response (Davis
et al., 1993), extinction - reinstatement testing took place 24 hr after drug
intake, allowing the drug to wash out before testing. Therefore, we could test
the specific effect of propranolol HCl on the subsequent fear responding.
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Instructions regarding the CSs only revealed that the same two images of
spiders provided during acquisition would be presented. In the extinction phase,
participants were exposed to both the CS1- and CS2- for 12 times without the US.
Furthermore, 12 startle probes were presented alone (NA). After extinction,
participants received three unsignaled USs. The time between the last extinction
trial and the first reinstating US was 19 s. Following the three unsignaled USs,
participants were again presented with one CS1-, CS2- and NA trial each (i.e.,
reinstatement testing). The time between the reinstating USs and reinstatement
testing was 18 s. At the end of the experiment, participants completed the STAI
and judged the pleasantness of the US.
Follow Up. To test for the persistence of the fear erasure, participants were
retested one month later (see also Dębiec & LeDoux, 2004). The follow-up
session paralleled the extinction - reinstatement testing session on day 3 apart
from the number of CS1-, CS2-, and NA trials presented. Here, the experiment
consisted of 8 extinction and 5 reinstatement testing trials of each type. In
addition, at the end of the experiment, participants were asked which pill they
thought they had been taken on day 2 (i.e., propranolol HCl or pill placebo).
Statistical Analysis
The SPQ, STAI-T and ASI were analyzed using independent t-tests. To
examine the effect of pill intake on the course of US evaluation and state
anxiety, mixed ANOVA’s with condition (propranolol vs. placebo; propranolol vs.
propranolol no reactivation; placebo vs. propranolol no reactivation) as
between-subjects factor and moment (day 1 vs. day 3; before vs. after pill
intake) as within-subjects factor were performed. Salivary alpha amylase and
systolic as well as diastolic blood pressure were subjected to a 2 (condition:
propranolol vs. placebo; propranolol vs. propranolol no reactivation; placebo vs.
propranolol no reactivation) x 2 (moment: before vs. after pill intake) mixed
ANOVA. Paired t-tests within each condition were conducted to compare
moment-to-moment alteration.
Startle responses, electrodermal activity and US expectancy ratings were
analyzed by means of a mixed analysis of variance for repeated measures
(ANOVA) with condition (propranolol vs. placebo; propranolol vs. propranolol no
reactivation; placebo vs. propranolol no reactivation) as between-subjects factor
and stimulus (CS1 vs. CS2; CS1 vs. NA) and trial (i.e., stimulus presentation) as
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within-subjects factors. Planned comparisons were performed for each
condition separately. Acquisition was assessed by comparing the differential
response (CS1 vs. CS2) to the first acquisition trials (trial 1-2) with the last trials
of acquisition (trial 7-8). Responding during memory reactivation was analyzed
by comparing the differential response (CS1-R vs. NA) during the reactivation
trial. To examine consolidation of the startle fear response, we compared
differential responding (CS1 vs. NA) to the last trials of acquisition (trial 1-2) with
reactivation (CS1-R vs. NA). The alteration in differential responding (CS1 vs.
CS2) from acquisition to extinction was assessed by comparing the last
acquisition trials (trial 7-8) with the first trials of extinction (trial 1-2). To test for
extinction learning, differential responding (CS1 vs. CS2) to the first trials of
extinction (trial 1-2) was compared with the last extinction trials (trial 11-12). In
addition, to determine the speed of extinction learning, we performed a 2
(condition: propranolol vs. placebo) x 2 (stimulus: CS1 vs. CS2) x 6 (trial:
averaging over each two consecutive extinction trials) mixed ANOVA. The
reinstatement effect on day 3 was assessed by comparing the differential
response (CS1 vs. CS2) to the last trials of extinction (trial 11-12) with the test
trial after the reminder shocks. To test for the persistence of the fear erasure
one month later, the differential response (CS1 vs. CS2) to both the test trial
after the reminder shocks (day 3) and the last trials of extinction (trial 11-12; day
3) was compared with the first trials at test (trial 1-2; day 30). For the analysis of
the startle response to NA, mixed ANOVA’s with condition (propranolol vs.
placebo; propranolol vs. propranolol no reactivation; placebo vs. propranolol no
reactivation) as between-subjects factor and trial (trial 1-2 vs. the last two trials
of each phase of the experiment separately) as within-subjects factor were
performed. Correlations between (differential) startle responding and both trait
anxiety and sAA percent change were computed using Pearson correlation
analysis. Missing data points were excluded from the analyses. Significance was
set at P < 0.05.

Results
The propranolol, placebo and propranolol no reactivation condition did not
differ in terms of reported spider fear [ts38 < 1], trait anxiety [ts38 < 1.33] and
anxiety sensitivity [ts38 < 1.29]. Selected shock intensities ranged from 4 to 65
54

Dissociating Response Systems

mA with a mean of 15.52 mA (SD = 11.00). Although individual variation in shock
sensitivity resulted in the rather low intensity in the placebo condition as
opposed to both the propranolol groups (see Table 3.1), no differences in shock
intensity were observed between conditions [ts38 < 1.44]. Importantly, there
were also no differences between conditions to the degree participants
experienced the US [ts38 < -1.45]. Furthermore, no differential effect of
propranolol intake on the course of US evaluation and state anxiety between the
propranolol, placebo and propranolol no reactivation group was found [moment
x condition, Fs1,38 < 1]. Consistent with other studies (Grillon et al., 2004),
propranolol HCl did also not affect the reported state anxiety that was assessed
before and after pill intake on day 2 [moment x condition, Fs1,38 < 1.67].

Table 3.1. Mean values (SD) of the intensity of the unconditioned stimulus, reported spider fear,
trait anxiety, US evaluation, and Anxiety Sensitivity for the experimental groups.

Placebo Pill
Reactivation

Propranolol HCl
Reactivation

Propranolol no
Reactivation

Shock (US) (mA)

12.70 (7.23)

15.95 (9.99)

17.90 (14.45)

Spider Fear

6.90 (4.75)

6.65 (6.02)

6.90 (5.23)

Trait Anxiety

33.70 (6.19)

33.20 (7.98)

36.25 (6.74)

US Evaluation

-3.15 (1.09)

-2.96 (0.99)

-2.65 (1.09)

Anxiety Sensitivity

8.95 (3.69)

7.70 (4.51)

9.45 (4.07)
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Manipulation Check Propranolol HCl
Analysis of the effect of propranolol on blood pressure in the propranolol
and propranolol no reactivation condition revealed the expected decrease in
both systolic [moment x condition, F1,38 = 32.32, P < 0.001, ηp2 = .46; F1,38 = 30.67,
P < 0.001, ηp2 = .45, respectively] and diastolic blood pressure [moment x
condition, F1,38 = 12.28, P < 0.01, ηp2 = .24; F1,38 = 5.29, P < 0.05, ηp2 = .12,
respectively] in comparison to placebo. No differences in decrease of systolic
and diastolic blood pressure between the propranolol no reactivation and
propranolol condition were observed [moment x condition, Fs1,38 < 1.06],
indicating that both propranolol conditions exerted a similar physiological effect.
Further analysis of blood pressure showed that, in the propranolol condition,
the systolic blood pressure significantly decreased from 128.1 mmHg (SD = 11.8)
to 110.55 mmHg (SD = 8.1) [t19 = 8.98, P < 0.001, two-tailed] and the diastolic
blood pressure from 72.2 mmHg (SD = 9.1) to 67.2 mmHg (SD = 8.2) after pill
intake [t19 = 5.50, P < 0.001, two-tailed]. In the placebo condition, the systolic
blood pressure significantly decreased from 120.7 mmHg (SD = 13.4) to 116.6
mmHg (SD = 12.6) after pill intake [t19 = 3.17, P = 0.01, two-tailed], but we
observed no decrease in diastolic blood pressure [t19 < 1]. In addition, in the
propranolol no reactivation condition, both the systolic and diastolic blood
pressure significantly decreased from 127.3 mmHg (SD = 10.1) to 112.3 mmHg
(SD = 8.5) [t19 = 10.30, P < 0.001, two-tailed] and from 70.8 mmHg (SD = 8.1) to
66.15 mmHg (SD = 6.5) [t19 = 2.85, P = 0.01, two-tailed] after pill intake,
respectively.
Analysis of the effect of propranolol HCl on sAA levels in the propranolol
and propranolol no reactivation condition demonstrated the expected decrease
in amylase level in comparison to placebo [moment x condition, F1,30 = 4.78, P <
0.05, ηp2 = .14; F1,29 = 4.75, P < 0.05, ηp2 = .14, respectively]. No difference in
decrease of sAA level between the propranolol no reactivation and propranolol
condition was found [moment x condition, F1,35 < 1]. Consistent with other
studies (van Stegeren et al., 2006, 2008), the amylase levels in the propranolol
and propranolol no reactivation condition significantly decreased from 62.4
U/ml (SD = 46.8) to 31.1 U/ml (SD = 21.0) [t18 = 3.42, P < 0.01, two-tailed] and
80.5 U/ml (SD = 68.5) to 40.8 U/ml (SD = 29.5) [t17 = 2.92, P = 0.01, two-tailed],
respectively, whereas the sAA levels remained stable in the placebo condition
[t12 < 1].
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Fear Potentiated Startle Response
Propranolol vs. Placebo. Analysis of variance showed fear conditioning on
day 1 by a significant increase of the differential startle response (CS1 vs. CS2)
from trial 1-2 to trial 7-8 [stimulus x trial, F1,38 = 26.18, P < 0.001, ηp2= .41; Fig.
3.1]. No difference in fear learning between the propranolol and placebo
condition was observed [stimulus x trial x condition, F1,38 < 1]. Since the
reactivation session on day 2 serves as both a retrieval cue and an initial test of
memory strength (Tronson & Taylor, 2007), we were able to assess the
nonspecific effects of propranolol on the retrieval of the previously acquired fear
association. Although the two groups expressed comparable response levels to
the reactivated stimulus [CS1-R; t38 < 1], the differential startle response during
memory reactivation (CS1-R vs. NA) was significantly reduced in the placebo as
opposed to the propranolol group [stimulus x condition; F1,37 = 5.57, P < 0.05, ηp2
= .13]. However, the absence of a significant decrease in differential startle
response (CS1 vs. NA) from the last two acquisition trials to reactivation
between the propranolol and placebo condition, indicates that the conditioned
fear was equally well consolidated [stimulus x trial x condition, F1,37 < 1.61]. In
addition, we observed no correlation between the differential fear response
during reactivation (CS1 vs. NA) and the percent change in sAA levels before and
after propranolol administration [r = .27, P = 0.28] in the propranolol
reactivation group. These data demonstrate that propranolol did not directly
affect the expression of the fear memory. Propranolol did also not reduce the
startle response per se, as no effects were found on habituation while the drug
was on board [main effect of condition; trial x condition, Fs1,30 < 1.76].
The administration of propranolol contrary to pill placebo significantly
decreased the differential startle response 48 hr later (Fig. 3.1), that is, from
acquisition (trial 7-8) to extinction (trial 1-2) [stimulus x trial x condition, F1,38 =
9.11, P < 0.01, ηp2 = .19]. As predicted, propranolol strongly reduced the
differential startle response [stimulus x trial, F1,19 = 14.23, P = 0.001, ηp2 = .43],
whereas the fear response remained stable in the pill placebo condition
[stimulus x trial, F1,19 < 1]. In the propranolol condition, the conditioned fear
response was not only reduced but even eliminated, as we no longer observed a
differential startle response [CS1 vs. CS2; extinction trial 1-2; t19 < 1.21]. In
contrast, the fear response remained significant in the placebo condition [CS1
vs. CS2; extinction trial 1-2; t19 = 6.34, P < 0.001, two-tailed].
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Given that the startle response (CS1 vs. CS2) was already eliminated in the
propranolol condition, the two groups differed over the course of extinction
learning from trial 1-2 to trial 11-12 on day 3 [stimulus x trial x condition, F1,38 =
15.53, P < 0.001, ηp2 = .29]. There was no differential change of the startle
response in the propranolol condition [stimulus x trial, F1,19 < 1], whereas the
startle response significantly decreased in the placebo group [stimulus x trial,
F1,19 = 17.73, P < 0.001, ηp2 = .48; Fig. 3.1].
The reminder shocks also generated the predicted effect between the
propranolol and placebo condition for the differential startle response from the
last extinction trials (trial 11-12) to the test trial on day 3 [stimulus x trial x
condition, F1,38 = 5.84, P < 0.05, ηp2 = .13]. In the propranolol condition, the
reinstatement effect was not only absent [stimulus x trial, F1,19 < 2.1; Fig. 3.1 B],
but the reminder shocks did also not reveal any differential fear response to test
[t19 < 1]. Conversely, the startle response (CS1 vs. CS2) in the placebo condition
approached significance [stimulus x trial, F1,19 = 4.00, P = 0.06, ηp2 = .17; Fig. 3.1
A]. However, for both the feared CS1 and the control CS2 a significant
reinstatement effect was observed in the placebo group [main effect of trial,
F1,19 = 11.05, P < 0.01, ηp2 = .37]. This observation may indicate a generalization
of the previously acquired fear to the control stimulus (Dirikx et al., 2007).
Previously, we found that this generalization of fear after reinstatement was
explained by trait anxiety (Kindt et al., 2009). Again, a positive correlation
emerged between trait anxiety and the startle response to the control stimulus
(CS2) after reinstatement in the placebo group [r = .49, P < 0.05, two-tailed]. Reanalyzing the reinstatement effect with trait anxiety as covariate produced a
significant differential return of fear (CS1 vs. CS2) in the placebo condition
[stimulus x trial, F1,18 = 7.74, P < 0.04, ηp2 = .30; Fig. 3.1 A].
At follow-up, we found a significant increase of the differential startle
response from the last extinction trials (trial 11-12; day 3) to the first test trials
(trial 1-2; day 30) in the placebo as opposed to the propranolol group [stimulus x
trial x condition, F1,38 = 6.78, P < 0.05, ηp2 = .15]. Planned comparisons indeed
showed that the differential startle response remained stable in the propranolol
condition [stimulus x trial, F1,19 < 1; Fig. 3.1 B], whereas it resurfaced in the
placebo group [stimulus x trial, F1,19 = 6.21, P < 0.05, ηp2 = .25; Fig. 3.1 A]. Once
more, no differential startle response was observed in the propranolol condition
[follow-up trial 1-2; t19 < 1.45], whereas a significant startle response appeared
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in the placebo group [CS1 vs. CS2; t19 = 5.07, P < 0.001, two-tailed]. Moreover,
no difference was found between the propranolol and placebo condition for the
startle response (CS1 vs. CS2) from the one test trial after the reminder shocks
(day 3) to the first follow-up trials (trial 1-2; day 30) [stimulus x trial x condition,
F1,38 < 1]. Hence, the disparity in fear reinstatement on day 3 between the two
conditions was not affected by simply the passage of time.
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Fig. 3.1. Propranolol HCl persistently disrupts the reconsolidation of fear memory. Mean
startle potentiation to the feared stimulus (CS1), the control stimulus (CS2) and noise
alone (NA) trials during acquisition, memory reactivation, extinction, testing and follow
up for the (A) Placebo Reactivation and (B) Propranolol Reactivation Group. Error bars
represent SEM.
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Consequently, the two groups differed over the course of extinction
learning during follow-up [stimulus x trial x condition, F1,38 = 13.85, P = 0.001, ηp2
= .27]. Whereas extinction training significantly reduced the startle response
(CS1 vs. CS2) in the placebo condition [stimulus x trial, F1,19 = 11.47, P < 0.01, ηp2
= .38; Fig. 3.1 A], we observed no differential change of the startle response in
the propranolol group [stimulus x trial, F1,19 < 2.45; Fig. 3.1 B]. In addition,
exposure to the reminder shocks following extinction, again reinstated the
expression of the fear memory in the placebo condition contrary to the
propranolol group [stimulus x trial x condition, F1,38 = 5.23, P < 0.05, ηp2 = .12].
Analysis of the differential startle response from the last extinction trials (trial 68) to the first test trials during follow-up (trial 1-2) showed a significant
reinstatement effect in the placebo condition [stimulus x trial, F1,19 = 4.87, P <
0.05, ηp2 = .20], but not in the propranolol group [stimulus x trial, F1,19 < 1]. Once
again, the reminder shocks did not uncover any differential fear response to the
first follow-up trials (trial 1-2) in the propranolol condition [t19 < 1.7].
Analysis of the startle response to Noise Alone (NA) unveiled a marginally
significant difference between the propranolol and placebo condition during
acquisition [main effect of pill, F1,38 < 3.36, P = 0.075, ηp2 = .08], with NA levels
somewhat higher in the placebo condition [trial 1-2: M = 204.6, SD = 129.5; trial
7-8: M = 138.4, SD = 94.5] as opposed to the propranolol group [trial 1-2: M =
133.9, SD = 88.1; trial 7-8: M = 97.0, SD = 78.6]. This effect could mainly be
ascribed to a difference in response levels during the first acquisition trials [trial
1-2; t38 = 2.02, P = 0.05, two-tailed], as group differences were no longer present
by the end of acquisition [trial 7-8; t38 < -1.5]. In addition, the two groups
expressed comparable levels of responding to the one NA trial during
reactivation [t37 < 1.46]. In contrast to the placebo condition, however, startle
responses to the NA trials in the propranolol group were reduced during
extinction training [trial 1-2 vs. trial 11-12; main effect of pill, F1,38 = 8.96, P <
0.01, ηp2 = .19], reinstatement testing [t38 = 2.87, P < 0.01, two-tailed], and
follow-up extinction [trial 1-2 vs. trial 7-8; main effect of pill, F1,38 = 5.18, P <
0.05, ηp2 = .12]. Analysis of the startle response to the follow-up NA trials after
reinstatement approached significance [trials 1-2 vs. trial 4-5; main effect of pill,
F1,38 < 3.05, P = 0.089, ηp2 = .07]. Although these findings suggest a trend towards
a difference in startle responding between the propranolol and placebo
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condition, they may also indicate that the fear erasure effect generalized to the
context.
Propranolol No Reactivation. Analysis of the startle response (CS1 vs. CS2)
on day 1 showed no differences in fear learning between the propranolol no
reactivation and both the propranolol and placebo condition from trial 1-2 to
trial 7-8 [stimulus x trial x condition, Fs1,38 < 1; Fig. 3.1; Fig. 3.2 A].
Similar to the placebo condition, the differential startle response in the
propranolol no reactivation condition remained stable from the last acquisition
trials (trial 7-8) on day 1 to the first extinction trials (trial 1-2) on day 3 [stimulus
x trial x condition, F1,38 < 1.50; Fig. 3.1 A; Fig. 3.2 A]. Hence, we observed a
normal fear response in the propranolol no reactivation group 48 hr after
acquisition. Moreover, the reduction of the conditioned startle response in the
propranolol condition 24 hr after reactivation differed significantly from the
propranolol no reactivation group [stimulus x trial x condition, F1,38 = 20.94, P <
0.001, ηp2 = .36; Fig. 3.1 B; Fig. 3.2 A]. In contrast to the propranolol condition,
the differential startle response in the propranolol no reactivation condition
even increased from day 1 to day 3 [stimulus x trial, F1,19 = 6.76, P < 0.05, ηp2 =
.26]. Together, these findings indicate that the decrease of the fear response in
the propranolol condition was dependent on the active retrieval of the fear
memory.
Analysis of the startle response (CS1 vs. CS2) on day 3 showed no difference
in extinction learning between the propranolol no reactivation and the placebo
condition from trial 1-2 to trial 11-12 [stimulus x trial x condition, Fs1,38 < 3.03]. In
addition, the course of extinction learning between the propranolol no
reactivation and propranolol condition differed significantly [stimulus x trial x
condition, F1,38 = 28.96, P < 0.001, ηp2 = .46; Fig. 3.1 B; Fig. 3.2 A]. The extinction
training significantly reduced the startle response (CS1 vs. CS2) in the
propranolol no reactivation condition [stimulus x trial, F1,19 = 31.91, P < 0.001,
ηp2 = .63], whereas we observed no differential change of the startle response in
the propranolol group [stimulus x trial, F1,19 < 1].
Analysis of the reinstatement effect showed no difference between the
propranolol no reactivation and placebo condition for the startle response (CS1
vs. CS2) from the last extinction trials (trial 11-12) to the one test trial after
reinstatement [stimulus x trial x condition, F1,38 < 1.78; Fig. 3.1 A; Fig. 3.2 A].
Conversely, comparison of the reinstatement effect between the propranolol no
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Fig. 3.2. Omission of memory reactivation after propranolol intake yields normal fear
responses. Mean startle potentiation to the CS1, the CS2 and NA trials (A) and mean skin
conductance responses (B) as well as mean expectancy scores (C) to the CS1 and CS2
trials during acquisition, extinction and testing for the Propranolol no Reactivation
Group. Error bars represent SEM.
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reactivation and propranolol condition revealed the expected difference in fear
reinstatement [stimulus x trial x condition, F1,38 = 16.97, P < 0.001, ηp2 = .31; Fig.
3.1 B; Fig. 3.2 A], indicating that the absence of fear reinstatement in the
propranolol condition was dependent on the active retrieval of the fear
memory. Analysis of the fear reinstatement in the propranolol no reactivation
condition showed a significant return of the fear response [stimulus x trial, F1,19 =
14.92, P = 0.001, ηp2 = .44]. Interestingly, no difference was found in startle
response (CS1 vs. CS2) from the last acquisition trials (trial 7-8) to the one test
trial after reinstatement between the propranolol no reactivation and placebo
condition [stimulus x trial x condition, F1,38 < 1.53; Fig. 3.1 A; Fig. 3.2 A],
demonstrating a complete post-extinction recovery of fear. In sum, both the oral
administration of propranolol and the reactivation of the fear memory seemed
to be necessary for the observed erasure of the fear response.
Analysis of the startle response to the Noise Alone (NA) trials produced no
significant differences between the propranolol no reactivation and placebo
condition during acquisition and extinction [main effect of pill, Fs1,38 < 2.20, Ps >
0.15], nor to the one NA trial after reinstatement [t38 < 1]. Also, we observed no
difference in startle responses to the NA trials between the propranolol no
reactivation and propranolol condition during acquisition [main effect of pill,
F1,38 < 1]. However, the startle response to the NA trials was reduced in the
propranolol condition in contrast to the propranolol no reactivation condition
during both extinction [main effect of pill, F1,38 = 16.99, P < 0.001, ηp2 = .31] and
after reinstatement [t38 = -3.07, P < 0.01, two-tailed; Fig. 3.1; Fig. 3.2 A].
Skin Conductance Response
Overall analysis of electrodermal responding showed no fear conditioning
on day 1 [stimulus x trial, F1,57 < 1.82]. When fear responses are not successfully
acquired, one cannot assess the return of fear. Therefore, only subject showing
successful levels of fear acquisition (i.e., mean trial 7-8 CS1 > CS2) were included
in the analyses1. A total of 21 subjects were eliminated, that is, 6 subjects from

1

For the startle response data, excluding subjects showing unsuccessful levels of fear
acquisition (n = 3) revealed no differences in results. Therefore, the analyses were carried
out over the entire sample.
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the propranolol condition, 6 subjects from the placebo condition and 9 subjects
from the propranolol no reactivation group.
Propranolol vs. Placebo. Analysis of variance showed fear conditioning on
day 1 by a significant differential increase (CS1 vs. CS2) in electrodermal activity
from trial 1-2 to trial 7-8 [stimulus x trial, F1,26 = 22.30, P < 0.001, ηp2 = .46; Fig.
3.3]. No difference between the propranolol and placebo condition was found
[stimulus x trial x condition, F1,26 < 1]. Furthermore, the two groups showed
comparable levels of electrodermal responding during the fear memory
reactivation on day 2 [CS1-R; t26 < 1.08].
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Fig. 3.3. Mean skin conductance responding to the CS1 and CS2 trials during acquisition,
memory reactivation, extinction, testing and follow up for the (A) Placebo Reactivation
and (B) Propranolol Reactivation Group. Error bars represent SEM.
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In both the propranolol and placebo condition, the skin conductance
response (CS1 vs. CS2) significantly decreased from the last acquisition trials
(trial 7-8) on day 1 to the first extinction trials (trial 1-2) on day 3 [stimulus x
trial, F1,26 = 8.08, P < 0.01, ηp2 = .24; Fig. 3.3]. However, the differential skin
conductance response (extinction trial 1-2) remained significant in the
propranolol condition [t13 = 3.01, P < 0.01, two-tailed] as well as in the placebo
group [t13 = 2.39, P < 0.05, two-tailed]. Hence, the acquisition of electrodermal
responding seemed to be maintained 48 hr later.
Analysis of the differential skin conductance response (CS1 vs. CS2) on day 3
showed no difference in extinction learning between the propranolol and
placebo group [stimulus x trial x condition, F1,26 < 1]. In both the propranolol and
placebo condition, the extinction procedure yielded a significant decrease in SCR
from trial 1-2 to trial 11-12 [stimulus x trial, F1,26 = 4.44, P < 0.05, ηp2 = .15].
However, a significant difference in speed of extinction learning was observed
between the propranolol and placebo group [stimulus x trial x condition, F5,22 =
3.02, P < 0.05, ηp2 = .41; Fig. 3.3], revealing faster extinction learning in the
propranolol as opposed to the placebo condition.
Analysis of the reinstatement effect on day 3 showed no differential
increase (CS1 vs. CS2) in electrodermal activity from the last extinction trials
(trial 11-12) to test [stimulus x trial, F1,26 < 2.16]. However, for both the feared
CS1 and the control CS2 the skin conductance response increased after the
reminder shocks [main effect of trial, F1,26 = 24.67, P < 0.001, ηp2 = .49],
demonstrating a generalization of the previously acquired fear to the control
stimulus (Dirikx et al., 2007). This generalization of fear could not be explained
by trait anxiety. Therefore, further analyses of the reinstatement effect only
comprised the skin conductance response to the feared CS1. Re-analyzing the
reinstatement effect produced a significant return of fear [stimulus x trial, F1,26 =
17.32, P < 0.001, ηp2 = .40; Fig. 3.3]. No difference in reinstatement between the
propranolol and placebo condition was found [stimulus x trial x condition, F1,26 <
1].
At follow-up, the differential skin conductance response (CS1 vs. CS2) no
longer reached significance [trial 1-2; ts14 < 1; Fig. 3.3]. Also, no further
significant differences between the propranolol and placebo condition were
observed. Therefore, the follow-up data will not be presented.
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Propranolol No Reactivation. No differences between the propranolol no
reactivation and both the propranolol and placebo condition were observed
during acquisition, extinction, and reinstatement testing (CS1) [stimulus x trial x
condition, Fs1,23 < 1.94; Fig. 3.2 B; Fig. 3.3]. Separate analysis for the propranolol
no reactivation condition indeed showed fear conditioning on day 1 (CS1 vs.
CS2) [stimulus x trial, F1,10 = 4.99, P < 0.05, ηp2 = .33]. In addition, the differential
skin conductance response remained stable 48 hr after acquisition [stimulus x
trial, F1,10 < 2.33]. Furthermore, analysis of variance showed extinction learning
on day 3 [stimulus x trial, F1,10 = 5.03, P < 0.05, ηp2 = .34] as well as a significant
return of fear following the reminder shocks (CS1) [stimulus x trial, F1,10 = 4.97, P
= 0.05, ηp2 = .33].
US Expectancy Ratings
Propranolol vs. Placebo. Analysis of the US expectancy data on day 1 (CS1
vs. CS2; Fig. 3.4) showed a significant difference between the propranolol and
placebo condition from the first acquisition trials (trial 1-2) to the last acquisition
trials (trial 7-8) [stimulus x trial x condition, F1,38 = 5.47, P < 0.05, ηp2 = .13].
However, in both the propranolol and placebo group a significant differential
increase (CS1 vs. CS2) in US expectancy was found [stimulus x trial, F1,19 = 202.59,
P < 0.001, ηp2 = .91; F1,19 = 109.36, P < 0.001, ηp2 = .85, respectively]. Note that
the superior acquisition observed in the propranolol condition (i.e., contingency
ratings corresponding to the actual reinforcement scheme) works against the
hypothesis that the administration of propranolol combined with the active
retrieval of the fear memory would reveal less fear responses at test. Moreover,
the two groups did not differ in their expectancy rating during the fear memory
reactivation on day 2 [CS1-R; t38 < 1.57]. Furthermore, in both the propranolol
and placebo condition, the increase in US expectancy (CS1 vs. CS2) obtained
during acquisition (trial 7-8) remained stable 48 hr later (extinction trial 1-2)
[stimulus x trial, F1,38 < 2.43].
Analysis of variance showed extinction learning on day 3 by a significant
differential decrease in US expectancy from trial 1-2 to trial 11-12 [stimulus x
trial, F1,38 = 140.50, P < 0.001, ηp2 = .79]. No difference in extinction learning
between the propranolol and placebo condition was found [stimulus x trial x
condition, F1,38 < 2.53]. Furthermore, we observed a marginally significant
difference in the speed of extinction learning between the propranolol and
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placebo group [stimulus x trial x condition, F5,34 = 2.31, P = 0.065, ηp2 = .25],
closely resembling the skin conductance data. The analyses of the skin
conductance response, however, only included subjects showing successful
levels of fear acquisition. Re-analyzing the speed of extinction learning in the
corresponding subjects revealed a highly similar result, that is, significantly
faster extinction learning in the propranolol condition as opposed to the placebo
group [stimulus x trial x condition, F5,22 = 2.82, P < 0.05, ηp2 = .39], perhaps
resulting from a difference in response tendency between the two conditions.
Note that the placebo group also revealed less extreme US expectancy ratings
during acquisition.
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Fig. 3.4. Mean expectancy scores of the US to the CS1 and CS2 trials during acquisition,
memory reactivation, extinction, testing and follow up for the Placebo Reactivation and
Propranolol Reactivation Group. Error bars represent SEM.

Analysis of the reinstatement effect on day 3 showed a significant increase
in US expectancy from the last extinction trials (trial 11-12) to the test trial
following the reminder shocks [stimulus x trial, F1,38 = 24.55, P < 0.001, ηp2 = .39].
No difference in fear reinstatement between the propranolol and placebo group
was found [stimulus x trial x condition, F1,38 < 1.81].
At follow-up, no differences in extinction learning and fear reinstatement
between the propranolol and placebo group were found [stimulus x trial x
condition, Fs1,38 < 1.99]. In both the propranolol and placebo condition, we
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observed a significant decrease in US expectancy during extinction [stimulus x
trial, F1,38 = 27.77, P < 0.001, ηp2 = .42]. In addition, we found a significant
reinstatement effect in the propranolol condition [stimulus x trial, F1,18 = 6.89, P
< 0.05, ηp2 = .27], but not in the placebo group [stimulus x trial, F1,19 < 1]. In the
placebo condition, however, a significant reinstatement effect for both the
feared CS1 and the control CS2 was found [main effect of trial, F1,19 = 6.60, P <
0.05, ηp2 = .26].
Propranolol No Reactivation. Analysis of the US expectancy data on day 1
(Fig. 3.2 C; Fig. 3.4) showed a superior acquisition in the propranolol no
reactivation condition contrary to the placebo group [stimulus x trial x condition,
F1,38 = 4.33, P < 0.05, ηp2 = .10]. However, in both the propranolol no reactivation
and placebo condition, a significant increase (CS1 vs. CS2) in US expectancy was
found [stimulus x trial, F1,19 = 345.44, P < 0.001, ηp2 = .94; F1,19 = 69.30, P < 0.001,
ηp2 = .79, respectively]. Similar to the placebo condition, the differential increase
in US expectancy remained stable from the last acquisition trials (trial 7-8) on
day 1 to the first extinction trials (trial 1-2) 48 hr later [stimulus x trial x
condition, F1,38 < 2.39]. The propranolol no reactivation condition, however,
showed significantly stronger extinction learning in contrast to the placebo
group [stimulus x trial x condition, F1,38 = 5.09, P < 0.05, ηp2 = .12]. Yet again, in
both the propranolol no reactivation and placebo group a significant decrease in
US expectancy was found [stimulus x trial, F1,19 = 123.24, P < 0.001, ηp2 = .87; F1,19
= 56.79, P < 0.001, ηp2 = .75, respectively]. In addition, no difference in fear
reinstatement between the two groups was observed [stimulus x trial x
condition, F1,38 < 1]. Separate analyses for the propranolol no reactivation
condition indeed showed a significant differential reinstatement effect from the
last extinction trials (trial 11-12) to the one test trial after reinstatement
[stimulus x trial, F1,19 = 13.76, P = 0.001, ηp2 = .42]. Moreover, no differences
between the propranolol no reactivation and propranolol condition during
acquisition, extinction, and fear reinstatement were found [stimulus x trial x
condition, Fs1,38 < 1.50].

Discussion
Supporting our previous findings (Kindt et al., 2009), oral administration of
the β-adrenergic receptor antagonists propranolol HCl prior to reactivation of a
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fear memory resulted in the erasure of the startle fear response 24 hr later,
irrespective of the intact recollection of the fear association. But most
importantly, this effect persisted at one-month follow-up. Beta-adrenergic
blockade during memory reactivation seemed to be highly effective in
eliminating the fear expression, as both retrieval techniques employed (i.e.,
reminder shocks and long-term testing) failed to uncover any startle fear
response. This contrasts sharply with the placebo condition in which
reinstatement as well as one-month follow-up testing revealed a post-extinction
fear response. Notably, the startle potentiation remained stable during memory
reactivation, suggesting that the erasure of the startle fear response cannot be
explained by a nonspecific dampening effect of the β-adrenergic blocker. Human
studies showing no effects of propranolol HCl on startle reactivity (Grillon et al.,
2004) further support this notion. Even though administering pills prior to
reactivation does not provide direct evidence of interference with the process of
reconsolidation, the fear reducing effects were only observed during the postreactivation tests either one day or one month later in the propranolol
reactivation condition and not in the propranolol no reactivation group. The
reduction in startle responses could not be explained by any general effects of
the propranolol HCl manipulation on state anxiety and US evaluation. Combined
with the findings that blood pressure and alpha amylase levels were similarly
reduced in both propranolol conditions, these results suggest that the drug
manipulation specifically affected the molecular processes mediating
reconsolidation (Nader et al., 2000).
As expected, and in contrast to the startle fear response, β-adrenergic
blockade during memory reactivation did not sort any effect on skin
conductance conditioning. This result is in line with numerous data showing a
clear dissociation between conditioned startle potentiation and electrodermal
activity (see Hamm & Weike, 2005). Electrodermal conditioning seems to
primarily reflect the cognitive level of contingency learning (i.e., declarative
memory) (Weike et al., 2007), based on the functional integrity of the
hippocampal complex (Squire et al., 2004). In line with other studies on human
fear conditioning (Hamm & Vaitl, 1996; Weike et al., 2007), a close association
between electrodermal activity and contingency learning was found. Conversely,
human startle potentiation is considered to be a reliable and specific index of
fear (Hamm & Weike, 2005) and is directly connected with, and modulated by,
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the amygdala (Davis, 2006). Propranolol HCl is supposed to specifically act on
the β-adrenergic receptors in the basolateral amygdala (McGaugh, 2004;
Hurlemann et al., 2010). Although the current study only allows for speculation
on the effects of propranolol HCl in the amygdala, functional magnetic
resonance imaging (fMRI) has demonstrated selectively disturbed amygdala
activation following propranolol intake in humans (van Stegeren et al., 2005). In
addition, animal studies show that the systemic effects of propranolol on
reconsolidation are achieved by targeting the amygdala (Dębiec & LeDoux,
2004). In rats it is demonstrated that disruption of fear memory reconsolidation
is correlated with a reduction of synaptic potentiation in the lateral amygdala
selective to the reactivated fear memory (Doyère et al., 2007). The β-adrenergic
receptor is one of the three major neurotransmitter receptors that are positively
coupled to the cAMP/PKA pathway, which can lead to de novo protein synthesis
necessary for LTP (Huang & Kandel, 2007). Hence, it may be suggested that βadrenergic blockade during reconsolidation selectively disrupts the protein
synthesis of the amygdalar fear memory resulting in the persistent erasure of
the fear potentiated startle response, while leaving the hippocampal
recollection of the fear memory untouched. In fact, the vast majority of
reconsolidation studies involving the amygdala have yielded persistent amnesia
effects (Amaral et al., 2008). Conversely, most studies using either extinction or
reconsolidation blockade targeting the hippocampus only show transient
amnesia (Bouton, 2002; Amaral et al., 2008; but see Lee et al., 2004).
Recently, however, it was demonstrated in rats that extinction training may
also lead to permanent amnesia when presented within the reconsolidation
window, thereby causing the destabilization of the fear memory trace in the
lateral amygdala (Monfils et al., 2009). When presented outside the
reconsolidation window, extinction training only temporary inhibited the
activation of the initial fear memory trace. Following these findings, the
supposed updating of fear memory with non-fearful information provided
during reconsolidation was also demonstrated in humans (Schiller et al., 2010).
It should be noted, however, that conditioned fear was measured by the skin
conductance response. As mentioned before, electrodermal activity does not
specifically index fear but rather reflects the more cognitive level of contingency
learning. Thus, it remains to be seen whether behavioral interventions such as
extinction training within the reconsolidation window will be as effective in
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erasing human fear responses as pharmacological interventions targeting the
amygdala during memory reactivation.
Studying human fear conditioning allows for the independent evaluation of
both declarative knowledge and the fear response. In most fear conditioning
studies, the conscious anticipation of an aversive stimulus (US) is associated with
an increase in startle potentiation (Grillon & Davis, 1995; Lovibond & Shanks,
2002). However, there are also several observations showing that unawareness
of a CS-US contingency does not preclude a startle fear response (Weike et al.,
2007). This indicates that the anticipation of an aversive stimulus is not a
necessary condition to observe fear potentiated startle responses. Our findings
suggest that the anticipation of an US is also not a sufficient condition to
generate a fear potentiated startle response. As such, our results challenge the
cognitive account on the close association between declarative knowledge and
fear conditioning (Lovibond, 2004).
The propranolol HCl manipulation left the declarative memory for the
learned fear association intact. This finding is at odds with the literature showing
selectively reduced memory for emotional events when encoding takes place
following propranolol HCl administration (Cahill et al., 1994; van Stegeren et al.,
1998, 2005). Note, however, that in these studies memory encoding as opposed
to reconsolidation was the process under investigation. The discrepancy
between findings could also be explained by a number of other methodological
differences, such as the nature and mode of learning (i.e., differential fear
conditioning vs. emotional stories or pictures) and the measure of declarative
memory performance employed (i.e., concurrent US expectancy ratings vs.
delayed recall and recognition of pictures). Clearly, concurrent US expectancy
ratings direct the attention towards the CS-US relation, thereby affecting the
very entity they are designed to measure (Baeyens et al., 1990; Lovibond &
Shanks, 2002). Thus, the current US-expectancy ratings may be limited in
detecting the effects of propranolol on declarative knowledge. In addition, the
US expectancy ratings are possibly too straightforward to be affected by the
neurobiological manipulation.
In considering clinical implications, several issues need to be addressed.
First, it should be demonstrated that disrupting reconsolidation not only erases
the startle fear response, but also diminishes subjective experienced fear.
Furthermore, as reconsolidation blockade has only been observed in animals
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(Nader et al., 2000) and healthy participants (Kindt et al., 2009), we do not know
whether the current procedure will be as effective in patient populations.
Apparently, there are a number of experimental conditions under which
reconsolidation does not seem to occur, such as the strength of training and
memory age (Suzuki et al., 2004). A crucial question is whether strong trauma
memories in PTSD patients will also be sensitive to the blockade of
reconsolidation. For now, preliminary evidence in trauma patients is promising;
showing reduced trauma-relevant physiological responding following postretrieval propranolol HCl intake (Brunet et al., 2008). Acknowledging that
disrupting reconsolidation is only a proof of principle, at least, we may conclude
that it clearly outperformed traditional extinction learning. Procedures that
persistently weaken fear responses without causing universal amnesia alleviate
the ethical concerns regarding memory erasure, while pointing to new
treatments providing long-term cure for patients suffering from emotional
disorders such as posttraumatic stress disorder, phobias, and drug addiction.
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Pharmacological Manipulations. Learning & Memory, 18 , 357-366.

Chapter 4

We previously demonstrated that disrupting reconsolidation by
pharmacological manipulations ‘deleted’ the emotional expression of a fear
memory in humans. If we are to target reconsolidation in patients with anxiety
disorders, the disruption of reconsolidation should produce content-limited
modifications. At the same time, the fear-erasing effects should not be restricted
to the feared cue itself considering that fear generalization is a main
characteristic of anxiety disorders. In Experiment I and Experiment I b, we
addressed these issues using a within-subject differential startle fear
conditioning paradigm and a test of fear generalization. In Experiment II, we
tested whether a behavioral approach targeting the reconsolidation through
extinction learning was also effective in weakening the original fear memory. A
behavioral procedure is evidently preferred over drug manipulations provided
that similar effects can be obtained. Here, the extinction procedure subsequent
to retrieval did not ‘erase’ the emotional expression of the fear memory as the
retrieval techniques (i.e., reminder shocks and reacquisition) unveiled a return of
the startle fear response to the fear-relevant stimuli. In contrast, β-adrenergic
receptor blockade during reconsolidation selectively ‘deleted’ the fear-arousing
aspects of the memory (i.e., startle fear response) along with its category-related
information. The pharmacological manipulation rendered the core memory trace
too weak to observe fear generalization after successful reacquisition. Hence,
relearning following the disruption of reconsolidation seems to be qualitatively
different from initial learning. Our findings demonstrate that disrupting
reconsolidation by pharmacological manipulations - although selective undermines the generalization of fear, a key feature of anxiety disorders.
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The phenomenon of reconsolidation, the stabilization of a memory after
retrieval, enables the modification of memory representation (Nader et al., 2000).
Considerable evidence in animals now indicates that blockade of the process of
reconsolidation by pharmacological manipulations produces amnesia for the
original fear learning (Nader et al., 2000; Dudai, 2006; Tronson & Taylor, 2007;
Nader & Hardt, 2009). We previously demonstrated that disrupting
reconsolidation by administering propranolol HCl prior to memory reactivation
resulted in erasure of the fear response in humans (Kindt et al., 2009), an effect
that persisted over time (Soeter & Kindt, 2010). However, the typical differential
fear conditioning paradigm (i.e., CS1-US vs. CS2) did not allow any inference about
the nature of the fear memory erasure. Even though animal studies showed
selective amnesia for the specific fear association (i.e., CS1-US) (Doyère et al.,
2007), studying humans necessitates systemic (as opposed to intra-amygdala) drug
administration. Accordingly, the erasure of the fear response could also have
resulted from a more diffuse effect of the propranolol HCl manipulation by
reducing the fear-provoking aspects of the aversive consequence itself (US) (Kindt
et al., 2009; Soeter & Kindt, 2010). In considering clinical implications, disrupting
reconsolidation should not radically alter functional reactions to potentially
dangerous situations (US), but selectively weaken the underlying maladaptive fear
association (CS1-US). On the other hand, disrupting reconsolidation should not be
restricted to the feared cue itself considering that fear generalization is a main
characteristic of anxiety disorders (Lissek et al., 2008). Previously, it was shown in
rats that higher-order (i.e., associated) memories undergo reconsolidation when
reactivated by the primary (i.e., first-order) fear association (Dębiec et al., 2006). A
key question is whether the fear-erasing effects spread to category-related
information not previously associated with the originally feared stimulus.
Irrespective of the nature of the fear memory erasure, the systemic drug
manipulation specifically targeted the emotional expression of the memory (Kindt
et al., 2009; Soeter & Kindt, 2010). That is, β-adrenergic receptor blockade during
memory reactivation resulted in the persistent erasure of the startle fear
response, without affecting the expectancy ratings and skin conductance
discrimination (Soeter & Kindt, 2010). Electrodermal conditioning seems to
primarily reflect the cognitive level of contingency learning (i.e., declarative
knowledge) (Weike et al., 2007), based on the functional integrity of the
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hippocampal complex (Squire et al., 2004). Conversely, human startle potentiation
is considered to be a reliable and specific index of fear (Hamm & Weike, 2005),
directly connected with, and modulated by, the amygdala (Davis, 2006). These
data thus demonstrated that memories can undergo reconsolidation at one level
(i.e., amygdalar fear memory), while leaving the hippocampal-dependent
declarative memory untouched (Kindt et al., 2009; Soeter & Kindt, 2010). In
principle, all memory systems should be subject to disrupting reconsolidation
given the appropriate situations (Lee, 2009). In particular, the labilization of a
memory appears to be crucially dependent upon the informational value provided
during retrieval (Lee, 2009; Sevenster et al., Unpublished Data). As a result, the
partial reinforcement scheme during acquisition may have prevented the single
unreinforced reactivation trial from learning (i.e., memory updating) at the
propositional level (Kindt et al., 2009; Soeter & Kindt, 2010). Indeed, a recently
introduced behavioral approach targeting the reconsolidation of fear memory
demonstrated that multiple unreinforced presentations allowed for updating of
the more cognitive component of emotional memory in humans (Schiller et al.,
2010). That is, an extinction procedure performed within the window of
reconsolidation resulted in the persistent erasure of the skin conductance
response (i.e., declarative knowledge). Even though animal studies showed a
destabilization of the fear memory trace in the lateral amygdala by behaviorally
disrupting reconsolidation (Monfils et al., 2009; Clem & Huganir, 2010), the effects
on the emotional expression of fear memory in humans are unknown. Obviously, a
behavioral procedure will be preferred over pharmacological manipulations
provided that similar effects can be obtained. Hence, a crucial question is whether
the behavioral disruption of reconsolidation also produces amnesia for the
amygdalar startle fear response.
Here, we addressed these issues by using a within-subject differential fear
conditioning procedure allowing selective reactivation of one of two categorically
distinct fear associations sharing the same aversive outcome (Doyère et al., 2007;
Schiller et al., 2010), two tests of fear recovery (i.e., reinstatement, reacquisition)
and a test of fear generalization. During acquisition (day 1), two fear-relevant
stimuli (CS1, CS2) were repeatedly paired with an aversive electric stimulus (US),
whereas a fear-irrelevant stimulus was not (CS3) (Fig. 4.1). We employed fearrelevant stimuli because they lead to a superior conditioning of aversive
associations and are especially resistant to extinction learning compared with fear80
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irrelevant cues (Mineka & Öhman, 2002; Lang et al., 2005). Moreover, given that
most anxiety disorders are associated with these categories of stimuli, we are
specifically interested in targeting stronger fear memory. One of the fear-relevant
stimuli (CS2) served as control for the other fear-relevant stimulus (CS1). However,
since fear-relevant stimuli are known to have an innate prepotency to elicit fear
responses (Lovibond et al., 1994), we employed an additional fear-irrelevant
control cue (CS3) to verify whether the procedure was capable of neutralizing fear
responding. In Experiment I, all of the participants received single-blind an oral
dose of 40 mg of propranolol HCl, a β-adrenergic receptor antagonist known to
disrupt reconsolidation (Dębiec & LeDoux, 2004; Kindt et al., 2009; Soeter & Kindt,
2010), 90 min prior to selective reactivation of the CS1 memory (day 2).
Conversely, in Experiment II, the participants were fear extinguished to both the
CS1 and CS2 10 min after selective reactivation of the CS1 memory (within the
reconsolidation window) (day 2) (Schiller et al., 2010). Memory retention of both
the CS1 (CS1 vs. CS2; CS1 vs. CS3) and CS2 (CS1 vs. CS2; CS2 vs. CS3) was tested 24
hr later (day 3). In order to maximize the likelihood of fear memory expression,
reminder shocks were administered following (re)-extinction learning (day 3). The
absence of a fear response by the behavioral provocation (i.e., reinstatement)
suggests, but cannot prove, the absence of the underlying fear association.
Reacquisition of fear was therefore further investigated as a measure of savings of
the original fear associations. Generalization stimuli (G-CS1, G-CS2, G-CS3) (Fig.
4.1) were presented to assess whether the fear-erasing effects would spread to
category-related information. The conditioned fear response (CR) was measured
as potentiation of the eyeblink startle reflex to a loud noise by electromyography
of the right orbicularis oculi muscle. Startle potentiation taps directly in the
amygdala and fear conditioning procedures yield highly reliable and robust startle
potentiation (Davis, 2006). Skin conductance responses and retrospective USexpectancy ratings were obtained to reflect the more cognitive level of
contingency learning (Weike et al., 2007) (i.e., declarative knowledge). The effects
of disrupting reconsolidation on the declarative level were further investigated by
measuring subjectively experienced distress through online VAS-ratings during
each CS presentation.
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Materials and Methods
Participants
Forty undergraduate students (11 men, 29 women) from the University of
Amsterdam ranging in the age of 18 to 32 years (mean ± SD age, 21.8 ± 3.1 years)
participated in the study. All participants were assessed to be free from any
current or previous medical or psychiatric condition that would contraindicate
participation (i.e., pregnancy; seizure disorder; respiratory disorder; cardiovascular
disease; blood pressure ≤ 90/60; diabetes; liver or kidney disorder; previous
adverse reaction to a β-blocker; use of another β-blocker; use of medication that
could involve potentially dangerous interactions with propranolol HCl; depression;
or psychosis). An additional exclusion criterion contained a score ≥ 26 on the
Anxiety Sensitivity Index (ASI; Peterson & Reiss, 1992). Participants received either
partial course credits or were paid a small amount for their participation in one of
the experiments. The study was approved by the ethical committee of the
University of Amsterdam and informed consent was obtained from all participants.
Apparatus and Materials
Stimuli. In order to strengthen the fear association during acquisition, two
fear-relevant stimuli of different stimulus categories served as CS+s (i.e., spider gun; IAPS numbers 1200 - 6210; Fig. 4.1), whereas a fear-irrelevant stimulus
served as CS- (i.e., mug; IAPS number 7009) (Lang et al., 2005). The slides were 200
mm high and 270 mm wide and were presented in the middle of a black screen on
a 19-in computer monitor. The two fear-relevant stimuli (CS1+ and CS2+) were
followed by an US, while the other slide (CS3-) was not. Assignment of the slides as
CS1+ and CS2+ was counterbalanced across participants. Generalization stimuli (GCS1-, G-CS2-, and G-CS3-) were matched on stimulus category, valence and arousal
(IAPS numbers 1201 - 6200 - 7035; Fig. 4.1). All stimuli were presented for 8 s. The
startle probe was presented 7 s after CS onset and was followed by the US (CS1+
and CS2+) 500 ms later. An electric stimulus with duration of 2 ms, delivered to the
wrist of the non-preferred hand, served as US. Delivery of the electric stimulus was
controlled by a Digitimer DS7A constant current stimulator (Hertfordshire, UK) via
a pair of Ag electrodes of 20 by 25 mm with a fixed inter-electrode mid-distance of
45 mm. A conductive gel (Signa, Parker) was applied between the electrodes and
the skin.
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Fear Potentiated Startle. The conditioned fear response (CR) was measured
as potentiation of the eyeblink startle reflex to a loud noise by electromyography
(EMG) of the right orbicularis oculi muscle. Potentiation of the startle blink
response is only observed during aversive fear conditioning (Weike et al., 2007).
Neurally, it reflects the influence of direct and indirect connections from the

CS1

CS2

CS3

G-CS1

G-CS2

G-CS3

Fig. 4.1. CSs of the fear conditioning procedure. Assignment of the slides as CS1 and CS2
was counterbalanced across participants. Generalization stimuli (G-CSs) were matched on
stimulus category, valence and arousal.

amygdala to the primary startle-reflex pathway in the brainstem (Davis & Whalen,
2001). The loud noise (40 ms; 104 dB) was administered during each CS
presentation and during intertrial intervals (NA: Noise Alone). Two 7 mm Ag/AgCl
electrodes filled with electrolyte gel were positioned approximately 1 cm under
83

Chapter 4

the pupil and 1 cm below the lateral canthus; a ground reference was placed on
the forehead. All acoustic stimuli were delivered binaurally through headphones
(Model MD-4600; Compact Disc Digital Audio, Monacor). The eyeblink EMG
activity was measured using a bundled pair of electrode wires connected to a
front-end amplifier with an input resistance of 10 MΩ and a bandwidth of DC-1500
Hz. To remove unwanted interference, a notch filter was set at 50 Hz. Integration
was handled by a true-RMS converter (contour follower) with a time constant of
25 msec. The integrated EMG signal was sampled at 1000 Hz. Peak amplitudes
were identified over the period of 50 - 100 ms following probe onset.
Skin Conductance Response. Electrodermal activity (SCR) was measured using
an input device with a sine shaped excitation voltage (± .5 V) of 50 Hz, derived
from the mains frequency. The input device was connected to two Ag/AgCl
electrodes of 20 by 16 mm. The electrodes were attached 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).
Skin conductance responses elicited by the CS were determined by taking the
average baseline (i.e., 2 s before CS onset) to peak difference within the 1 to 7 s
window following stimulus onset. Although many studies examining skin
conductance reactivity have either used the first interval response (FIR) or second
interval response (SIR), the present scoring method allowed for the detection of
the maximal increase in skin conductance levels at any point during the 7 s
presentation. This method makes no assumptions about where a response is likely
to occur within the CS-US interval. This eliminates the risk of underestimating a
larger response when the onset or peak of the response occurs near a previously
established boundary between the FIR and SIR or when the latency of the peak
response shifts over trials (Pineles et al., 2009). This approach has been used in
previous human psychophysiological research, which has supported its validity
(e.g., Orr et al., 2000; Milad et al., 2005; Pineles et al., 2009).
A minimum response criterion of 0.02 micro Siemens (μS) was used. All other
responses were scored as zero and remained in the analyses (Effting & Kindt,
2007). The raw SCR scores were square root transformed to normalize
distributions.
Distress Ratings. Subjective distress (i.e., anxiety, tension, or nervousness)
during CS presentation was measured online using a computer mouse on a visual
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analogue scale placed within reach of the preferred hand. The scale consisted of a
100-mm horizontal line with endpoints of 0 (i.e., ‘not at all’) and 10 (i.e., ‘very’).
The scale and the participant’s rating were continuously presented at the bottom
of the computer screen in order to encourage participants to focus their attention
to the CSs. Participants were required to rate their distress during the presentation
of each slide by shifting the cursor on the scale and push the left mouse button
within 5 s following stimulus onset, that is, before administration of the startle
probe.
Blood Pressure. Blood pressure was measured using an electronic
sphygmomanometer (OMRON M4-I, Healthcare Europe BV, Hoofddorp, The
Netherlands) with a cuff applied around the right upper arm.
Saliva Sampling. The salivary enzyme α-amylase (sAA) is a reliable indicator of
noradrenergic activation (van Stegeren et al., 2006). Levels were assessed out of
unstimulated saliva samples obtained using regular cotton Salivette sampling
devices (Sarstedt, Nümbrecht, Germany) without chemical stimulants. Subjects
were asked just to place the swab in their mouths for a 3 min period. After
removal, the salivettes were stored at -25 °C. To facilitate salivary sampling,
participants were instructed to refrain from exercise, caffeine, and alcohol during
the 12 hr before each session. Also, they were instructed to abstain from brushing
their teeth for 1 hr and avoid food intake, drinking any beverages other than
water, and smoking for 2 hr before each session. Upon completion of the study,
the samples were sent to Groningen for biochemical analysis (Universitair Medisch
Centrum, Groningen, The Netherlands).
Pharmacological Treatment. Propranolol HCl (40 mg) and placebo pills were
prepared by the pharmacy (Huygens Apotheek, Voorburg, The Netherlands) to be
identical in appearance.
Subjective Assessments. State and trait anxiety were assessed with the State
and Trait Anxiety Inventory (STAI-S and STAI-T) (Spielberger et al., 1970). The
degree of spider fear was determined by the Spider Phobic Questionnaire (SPQ)
(Klorman et al., 1974). The Anxiety Sensitivity Index (ASI) (Peterson & Reiss, 1992)
was used to assess one’s tendency to respond fearfully to anxiety-related
symptoms. Arousal and valence of the stimuli were assessed using the SelfAssessment Manikin (SAM) (Bradley & Lang, 1994). Evaluation of the US was
measured on an 11-point rating scale ranging from -5 (unpleasant) to 5 (pleasant).
In addition, expectancy of the US was measured retrospectively on a continuous
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rating scale consisting of 11 points labeled from ‘certainly no electric stimulus’ (-5)
through ‘uncertain’ (0) to ‘certainly an electric stimulus’ (5).
Experimental Procedure
Participants were subjected to a differential fear conditioning procedure
including several phases across three subsequent days each separated by 24 hr
(i.e., Experiment I, Propranolol - Reactivation and Experiment II, Reactivation Extinction). During each session, participants sat behind a table with a computer
monitor at a distance of 50 cm in a sound-attenuated room. Each session began
with a 1-min acclimation period consisting of 70 dB broadband noise, which
continued throughout the session as background noise, followed by a habituation
phase consisting of ten startle probes to reduce initial startle reactivity.
Characteristics of the CSs, trial order, ITIs, and startle probes as well as instructions
regarding distress ratings during memory reactivation - (extinction) (day 2) and
extinction - test (day 3) were similar to acquisition (day 1). Assignment of the slides
as CS1+ and CS2+ was counterbalanced across participants.
Acquisition. Details of the various study procedures were explained in full and
possible questions were answered. Participants were interviewed regarding their
health and any medical or psychiatric conditions. In addition, blood pressure was
measured. Once a participant was medically cleared, written informed consent
was obtained and the ASI, SPQ, STAI, and SAM were administered. Furthermore,
saliva samples were collected. To this end, participants were instructed just to
place the swab in their mouths for 3 min.
After attachment of the startle, skin conductance and shock electrodes, the
intensity of the US was determined. Starting at an intensity of 1 mA, the level of a
2-ms aversive electric stimulus delivered to the wrist of the non-preferred hand
was gradually increased. The intensity of shock was individually set at a level
defined by the participant as ‘uncomfortable, but not painful’ and remained set to
this intensity throughout the following days. After US selection, participants were
informed regarding the CSs. They were instructed that two of the slides would be
followed by an electric stimulus in most of the cases, whereas the third slide would
never be followed by the US. They were told to learn to predict whether an electric
stimulus would occur or not. In addition, participants were required to rate their
distress (i.e., anxiety, tension, or nervousness) during the presentation of each
slide by shifting a cursor on a visual analogue scale and push the left mouse button
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within 5 s following stimulus onset, that is, before administration of the startle
probe.
In the acquisition phase, the CS1+, CS2+ and CS3- were presented 5 times for 8
s. The startle probe was presented 7 s after CS onset and was followed by the US
500 ms later. In order to prevent that the reactivation trial on day 2 resulted in
extinction learning, the first presentation of both the CS1+ and CS2+ was
unreinforced (LaBar et al., 1998). In addition, 5 baseline startle probes were
presented alone (noise alone; NA). Order of trial type was randomized within
blocks (i.e., CS1+, CS2+, CS3-, and NA). Intertrial intervals (ITI) varied between 15,
20, and 25 s with a mean of 20 s.
At the conclusion of the experiment, participants were asked to evaluate the
pleasantness of the US and complete the STAI-S and SAM. Furthermore, they were
explicitly instructed to remember what they had learned during acquisition. These
instructions were included to enhance retention of the CS-US contingency on the
following days (Norrholm et al., 2006) and to prevent participants from
erroneously expecting a different contingency scheme during subsequent testing.
The experimental procedure for Experiment Ib, Acquisition - Generalization
paralleled the above expect for stimulus presentation. That is, participants were
exposed to 3 CS1+, CS2+, CS3- and NA trials followed by the generalization cues (GCS1-, G-CS2-, G-CS3- and NA).
Memory Reactivation, (Extinction). In order to substantiate consolidation of
the fear memory, a break of 24 hr after acquisition was inserted. The STAI-S was
filled out both before pill administration and upon completion of the experiment.
In addition, at these time points, blood pressure and saliva samples were
collected.
Experiment I, Propranolol - Reactivation: In view of the peak plasma
concentration of propranolol HCl (Gilman & Goodman, 1996), all of the
participants received single-blind an oral dose of 40 mg of propranolol 90 min prior
to memory reactivation (CS1-R). After electrode attachment, participants were
told that the same three slides would be presented and they were asked to
remember what they had learned during acquisition. Further instructions
regarding the distress ratings were similar to day 1. In the memory reactivation
phase, a single unreinforced CS1-R was presented for 8 s, followed by a startle
probe presented alone.

87

Chapter 4

Experiment II, Reactivation - Extinction: To match the conditions of
Experiment I (i.e., pill administration, time spent at the experimental site), the
participants received single-blind an oral dose of pill placebo 55 min prior to
memory reactivation. For the reactivation procedure, see Experiment I,
Propranolol - Reactivation. Subsequent to memory reactivation, a 10-min break
was inserted (Schiller et al., 2010). During the break, participants were offered
magazines to read. Extinction learning immediately followed and consisted of 9
CS1-, 10 CS2-, 10 CS3- and 10 NA trials.
(Re)Extinction, Testing. Upon arriving at the experimental site, blood
pressure and saliva samples were collected. In addition, the STAI-S and SAM were
completed. Instructions regarding the CSs only revealed that the same three
pictures provided during acquisition would be presented. In the (re)-extinction
phase, participants were exposed to the CS1-, CS2- and CS3- for 10 times without
the US. Furthermore, 10 startle probes were presented alone (NA). After
extinction, participants received 3 unsignaled USs. The time between the last
extinction trial and the reinstating USs was 19 s. Following the unsignaled USs,
participants were again presented with 5 CS1-, CS2-, CS3- and NA trials
(reinstatement testing). The time between the reinstating USs and reinstatement
testing was 18 s. Next, reacquisition took place. That is, participants were exposed
to another 3 CS1+, CS2+, CS3- and NA trials. Subsequently, they were presented
with generalization cues (G-CS1-, G-CS2-, G-CS3- and NA). At the conclusion of the
experiment, participants completed the STAI-S and SAM and judged the
pleasantness of the US. In addition, participants were asked to indicate for each
phase (beginning vs. end) of the experiment to what extent they had expected the
US after each of the CSs.
Statistical Analysis
Startle responses, electrodermal activity, distress and US-expectancy ratings
were analyzed by means of an analysis of variance (ANOVA) for repeated
measures with stimulus (i.e., simple contrasts: CS1 vs. CS3 and CS2 vs. CS3) and
trial (i.e., stimulus presentation) as within-subject factors. The differential
response (CS1 vs. CS3 and CS2 vs. CS3) was compared over testing phases
respectively (first trial vs. last trial). Planned comparisons between the CS1 and
CS2 stimuli were performed separately. Missing data points were excluded from
the analyses. Significance was set at P < 0.05.
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Results
Participants in the Propranolol - Reactivation, Acquisition - Generalization and
Reactivation - Extinction experiment did not differ in terms of reported spider fear
[ts28 < 1], trait anxiety [ts28 < 1.03], anxiety sensitivity [ts28 < 1.31] and shock
intensity [ts28 < 1.53]. Moreover, we observed no differences to the degree
participants experienced the US [ts28 < 1] or rated the arousal and valence of the
different (generalization) stimuli [ts28 < 1] (see Table 4.1).

Table 4.1. Mean values (SD) of the reported spider fear, trait anxiety, anxiety sensitivity,
shock intensity and US evaluation for the Propranolol - Reactivation, Acquisition Generalization and Reactivation - Extinction experiment.
b

Experiment I

Experiment I

Experiment II

Spider Fear

6.3 (6.3)

4.9 (5.6)

6.5 (5.5)

Trait Anxiety

36.1 (7.2)

36.4 (7.3)

33.5 (6.6)

Anxiety Sensitivity

7.8 (2.5)

9.7 (4.8)

7.8 (3.8)

Shock (US) (mA)

19.7 (8.7)

16.3 (5.8)

15.5 (6.6)

US Evaluation

-3.1 (1.1)

-2.9 (0.7)

-3.0 (0.8)

Manipulation Check Propranolol HCl
Consistent with other studies (Grillon et al., 2004), the propranolol HCl
manipulation did not affect the reported state anxiety that was assessed before
and after pill intake [t14 < 1]. Moreover, no effects of the propranolol manipulation
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on the course of the US evaluation and ratings of arousal and valence were found
[day 1 vs. day 3; ts14 < 1.54].
Analysis of the effect of propranolol HCl on blood pressure revealed the
expected decrease in both systolic and diastolic blood pressure in comparison to
pill placebo (i.e., Experiment II, Reactivation - Extinction) [moment x condition, F1,28
= 21.28, P < 0.001, ηp2 = .43; F1,28 = 4.33, P < 0.05, ηp2= .13, respectively], indicating
that the propranolol manipulation exerted its intended physiological effect.
Further analysis of blood pressure showed that in Experiment I, Propranolol Reactivation, the systolic blood pressure significantly decreased from 129.67
mmHg (SD = 12.95) to 110.03 mmHg (SD = 10.84) [t14 = 6.67, P < 0.001, two-tailed]
and the diastolic blood pressure from 70.53 mmHg (SD = 9.19) to 64.93 (SD = 5.59)
after pill intake [t14 = 3.82, P < 0.01, two-tailed]. In Experiment II, Reactivation Extinction, the systolic blood pressure significantly decreased from 135.33 mmHg
(SD = 8.23) to 131.00 (SD = 5.21) after pill intake [t14 = 3.17, P < 0.01, two-tailed],
but we observed no decrease in diastolic blood pressure [t14 < 1.52].
Analysis of the effect of the propranolol manipulation on sAA levels also
demonstrated the expected decrease in amylase level in comparison to pill
placebo (i.e., Experiment II, Reactivation - Extinction) [moment x condition, F1,23 =
4.40, P < 0.05, ηp2 = .16]. Consistent with other studies (van Stegeren et al., 2006,
2008; Soeter & Kindt, 2010), the amylase levels in Experiment I, Propranolol Reactivation significantly decreased from 79.6 U/ml (SD = 63.9) to 46.1 U/ml (SD =
40.9) following pill intake [t11 = 4.18, P < 0.01, two-tailed], whereas the sAA levels
remained stable in Experiment II, Reactivation - Extinction [t12 < 1].
Experiment I, Propranolol - Reactivation
Fear Potentiated Startle Response. Analysis of variance showed fear
conditioning on day 1 by a significant increase of the differential startle response
(i.e., simple contrasts: CS1+ vs. CS3-, CS2+ vs. CS3-) from trial 1 to trial 5 [stimulus x
trial, F1,14 = 15.68, P = 0.001, ηp2 = .53; F1,14 = 19.23, P = 0.001, ηp2 = .58,
respectively]. We observed no difference in responding to the first trial of
acquisition (CS1+ vs. CS2+ vs. CS3-) [stimulus, F2,13 < 1] and fear responses to the
reinforced stimuli (CS1+ and CS2+) were equally acquired [stimulus x trial, F1,14 < 1;
Fig. 4.2]. In addition, the absence of a significant decrease in startle responses (CS1
vs. Noise Alone; NA) from the last trial of acquisition to memory reactivation (day
2) demonstrates that the propranolol manipulation did not directly affect the
90

Pharmacological and Behavioral Manipulations

expression of the previously acquired fear association (Kindt et al., 2009; Soeter &
Kindt, 2010) [stimulus x trial, F1,14 < 1.47].
However, the administration of propranolol significantly decreased startle
responses to the reactivated CS1 from the last trial of acquisition to the first
extinction trial 48 hr later (day 3) [CS1 vs. CS3; stimulus x trial, F1,14 = 25.57, P <
0.001, ηp2 = .65; Fig. 4.2], irrespective of the reactivated stimulus [i.e., spider vs.
gun; stimulus x trial x stimulus category, Fs1,13 < 1.90]. In fact, conditioned fear
responses were not only reduced but even eliminated, as we no longer observed a
differential startle response to the first trial of extinction learning (day 3) [CS1 vs.
CS3; t14 < 1]. Conversely, startle responses to the non-reactivated CS2 remained
stable from acquisition to extinction 48 hr later [CS2 vs. CS3; stimulus x trial, F1,14 <
1]. Further comparisons between the two conditioned stimuli indeed showed
intact fear responses to the non-reactivated CS2 contrary to the reactivated CS1
[stimulus x trial, F1,14 = 15.74, P = 0.001, ηp2 = .53], indicating that the propranolol
manipulation selectively affected the reactivated fear association.
Given that responses to the reactivated CS1 were already eliminated (day 3),
we observed no differential change in startle responses (CS1 vs. CS3) over the
course of extinction learning [trial 1 vs. trial 10; stimulus x trial, F1,14 < 1; Fig. 4.2].
In contrast, startle responses to the non-reactivated CS2 significantly decreased
from the first extinction trial to the last trial of extinction learning [CS2 vs. CS3;
stimulus x trial, F1,14 = 10.79, P < 0.01, ηp2= .44].
The reminder shocks following extinction learning (day 3) did not uncover any
fear response to the reactivated CS1 [CS1 vs. CS3; stimulus x trial, F1,14 < 1.44],
whereas a recovery of fear to the non-reactivated CS2 was observed from the last
trial of extinction to the first trial at test [CS2 vs. CS3; stimulus x trial, F1,14 = 6.85, P
< 0.05, ηp2 = .33]. Indeed, a significant reinstatement effect to the non-reactivated
CS2 as compared to the reactivated CS1 was found [stimulus x trial, F1,14 = 11.02, P
< 0.01, ηp2 = .44; Fig. 4.2]. Moreover, re-extinction learning (trial 1 vs. trial 5)
following the reminder shocks again significantly reduced fear responses to the
non-reactivated CS2 [CS2 vs. CS3; stimulus x trial, F1,14 = 14.74, P < 0.01 ηp2 = .51].
As responses to the reactivated CS1 remained eliminated, no differential change in
startle responding (CS1 vs. CS3) over the course of re-extinction learning was
observed [stimulus x trial, F1,14 < 1].
In contrast to the rapid reacquisition of the fear response to the nonreactivated CS2 from trial 1 to trial 2 [CS2 vs. CS3; stimulus x trial, F1,12 = 13.54, P <
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0.01, ηp2 = .53], we observed no rapid reacquisition learning to the reactivated CS1
[CS1 vs. CS3; stimulus x trial, F1,12 < 1]. Further comparisons between the two
feared cues indeed showed recovered startle fear responses to the nonreactivated CS2 contrary to the reactivated CS1 (trial 1 vs. trial 2) [stimulus x trial,
F1,13 = 14.28, P < 0.01, ηp2 = .52; Fig. 4.2]. Notably, the differential change in startle
responses to the reactivated stimulus (CS1 vs. CS3) over the course of reacquisition
learning (trial 1 vs. trial 2 vs. trial 3) exactly followed the response pattern
obtained to the first reinforced trials during acquisition (trial 2 vs. trial 3 vs. trial 4)
[day 1 vs. day 3; stimulus x trial, F2,12 < 1.67], indicating that there were no savings
of the original fear association (CS1-US). Yet, the differential startle fear response
to the reactivated CS1 (i.e., trial 3) at the end of reacquisition demonstrates that
reconsolidation blockade does not interfere with the ability to subsequently
reacquire fear responses [CS1 vs. CS3; t14 = 3.05, P < 0.01, two-tailed; CS1 vs. CS2;
t14 < 1.11].
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Fig. 4.2. Selective erasure of a fear network. Mean startle potentiation to the fear
conditioned stimuli (CS1, CS2), the control stimulus (CS3) and noise alone (NA) trials during
acquisition, memory reactivation, extinction, testing, reacquisition and generalization.
Error bars represent SEM.

The recovered fear response to the non-reactivated CS2 remained stable from
the last trial of reacquisition (CS2 vs. CS3) to the generalization cue [G-CS2 vs. GCS3; stimulus x trial, F1,14 < 1.33]. However, a significant decrease of the startle
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response to the generalization cue (G-CS1) of the reactivated CS1 was found [GCS1 vs. G-CS3; stimulus x trial, F1,14 = 8.46, P < 0.05, ηp2 = .38; Fig. 4.2]. Indeed, we
observed a significant generalization of fear to the non-reactivated generalization
cue G-CS2 [G-CS2 vs. G-CS3; t14 = 3.20, P < 0.01, two-tailed; G-CS1 vs. G-CS2; t14 = 3.03, P < 0.01, two-tailed]. Conversely, the generalization cue (G-CS1) of the
reactivated CS1 did not uncover any fear response [G-CS1 vs. G-CS3; t14 < 1],
indicating that the category-related information was also selectively affected by
the propranolol manipulation.
Skin Conductance Response. Overall analysis of electrodermal responding
showed no skin conductance conditioning on day 1 [CS1+ vs. CS3-, CS2+ vs. CS3-;
stimulus x trial, Fs1,14 < 2.84]. When skin conductance responses are not
successfully acquired, one cannot assess the return of electrodermal activity.
Therefore, only subjects showing successful levels of skin conductance
conditioning (i.e., trial 5 CS1+ or CS2+ > CS3-) were included in the analyses. Three
subjects were eliminated.
Subsequent analysis of variance revealed a significant increase (CS1+ vs. CS3-,
CS2+ vs. CS3-) in electrodermal activity during acquisition (day 1) [trial 1 vs. trial 5;
stimulus x trial, F1,11 = 8.19, P < 0.05, ηp2 = .43; F1,11 = 6.38, P < 0.05, ηp2 = .37,
respectively; Fig. 4.3]. We observed no difference in responding to the first trial of
acquisition learning (CS1+ vs. CS2+ vs. CS3-) [stimulus, F2,10 < 1]. In line with our
previous findings (Soeter & Kindt, 2010), the administration of propranolol did not
affect the skin conductance response to the reactivated CS1 from the last trial of
acquisition to the first extinction trial 48 hr later (day 3) [CS1 vs. CS3, CS2 vs. CS3;
stimulus x trial, Fs1,11 < 1]. Further comparisons indeed showed intact
electrodermal responding to both the reactivated CS1 and non-reactivated CS2
[CS1 vs. CS2; stimulus x trial, F1,11 < 1]. Moreover, a significant decrease in
electrodermal responding (CS1 vs. CS3, CS2 vs. CS3) was observed during
extinction learning (day 3) [trial 1 vs. trial 10; stimulus x trial, F1,11 = 5.32, P < 0.05,
ηp2 = .33; F1,11 = 7.08, P < 0.05, ηp2 = .39, respectively].
Analysis of the reinstatement effect showed no differential increase (CS1 vs.
CS3, CS2 vs. CS3) in electrodermal activity from the last trial of extinction to the
first trial at test [stimulus x trial, Fs1,11 < 1.52; Fig. 4.3]. However, for both the
conditioned stimuli (CS1 and CS2) and the control stimulus (CS3) electrodermal
responding increased following the reminders shocks [main effect of trial, F1,11 =
6.33, P < 0.05, ηp2 = .37], demonstrating a generalization of the previously acquired
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skin conductance response to the control stimulus (Dirikx et al., 2007; Soeter &
Kindt, 2010). Further analyses of the reinstatement effect therefore only
comprised skin conductance responses to the conditioned CS1 and CS2. Reanalyzing the reinstatement effect produced a significant return of electrodermal
responding [CS1 vs. CS2; main effect of trial, F1,11 = 7.76, P < 0.05, ηp2 = .41;
stimulus x trial, F1,11 < 1]. Skin conductance responses again re-extinguished over
the course of reinstatement testing [trial 1 vs. trial 5; main effect of trial, F1,11 =
7.09, P < 0.05, ηp2 = .39].
Reacquisition learning did not result in a significant increase (CS1 vs. CS3, CS2
vs. CS3; Fig. 4.3) in electrodermal activity [trial 1 vs. trial 2 or trial 3; stimulus x
trial, Fs1,11 < 1.93]. Notably, the differential skin conductance response (CS1 vs.
CS3, CS2 vs. CS3) no longer reached significance [trial 2 & trial 3; ts11 < 1.31].
However, during generalization, a differential skin conductance response for both
conditioned stimuli (G-CS1 vs. G-CS3, G-CS2 vs. G-CS3) was observed [main effect
of stimulus, F1,11 = 7.42, P < 0.05, ηp2 = .40; F1,11 = 8.13, P < 0.05, ηp2 = .43,
respectively], indicating that the electrodermal responding obtained during
acquisition (day 1, trial 5) generalized to the category-related cues [stimulus x trial,
Fs1,11 < 1].
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Fig. 4.3. Skin conductance responding to the fear conditioned stimuli (CS1, CS2) and the
control stimulus (CS3) during acquisition, memory reactivation, extinction, testing,
reacquisition and generalization. Error bars represent SEM.
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Online Distress Ratings. Analysis of variance showed acquisition on day 1 by a
significant differential increase in subjective distress (CS1+ vs. CS3-, CS2+ vs. CS3-)
from trial 1 to trial 5 [stimulus x trial, F1,14 = 5.14, P < 0.05, ηp2 = .27; F1,14 = 12.29, P
< 0.01, ηp2 = .47, respectively; Fig. 4.4]. We observed no difference in distress
ratings to the first trial of acquisition learning [CS1+ vs. CS2+; t14 < 1.39]. Similar to
our previous expectancy ratings (Kindt et al., 2009; Soeter & Kindt, 2010), the
distress ratings were not affected by the propranolol manipulation. That is, the
increase in subjective distress (CS1 vs. CS3, CS2 vs. CS3, CS1 vs. CS2) obtained
during acquisition (trial 5) remained stable 48 hr later [trial 1; stimulus x trial, Fs1,14
< 1.04]. However, a significant decrease in subjective distress (CS1 vs. CS3, CS2 vs.
CS3) was observed during extinction learning (day 3) [trial 1 vs. trial 10; stimulus x
trial, F1,14 = 7.09, P < 0.05, ηp2= .33; F1,14 = 10.65, P < 0.01, ηp2 = .43, respectively].
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Fig. 4.4. Mean online subjective distress ratings to the fear conditioned stimuli (CS1, CS2)
and the control stimulus (CS3) during acquisition, memory reactivation, extinction, testing,
reacquisition and generalization. Error bars represent SEM.

Analysis of the reinstatement effect (day 3) revealed a significant return of
subjective distress (CS1 vs. CS3, CS2 vs. CS3) from the last trial of extinction to the
first trial at test [stimulus x trial, F1,14 = 11.80, P < 0.01, ηp2 = .46; F1,14 = 12.06, P <
0.01, ηp2 = .46, respectively]. The distress ratings (CS1 vs. CS3, CS2 vs. CS3) again
re-extinguished following the reminder shocks [trial 1 vs. trial 5; stimulus x trial,
F1,14 = 16.66, P = 0.001, ηp2 = .54; F1,14 = 16.40, P = 0.001, ηp2 = .54, respectively].
During reacquisition, a significant differential increase in distress ratings (CS1 vs.
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Retrospective US Expectancy

CS3, CS2 vs. CS3) was found [trial 1 vs. trial 3; stimulus x trial, F1,14 = 13.52, P < 0.05,
ηp2 = .49; F1,14 = 8.48, P < 0.05, ηp2 = .38, respectively]. In addition, the subjective
distress obtained during (re)acquisition generalized to the category-related stimuli
[G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; stimulus x trial, Fs1,14 < 1; main effect of
stimulus, F1,14 = 18.92, P = 0.001, ηp2 = .57; F1,14 = 27.35, P < 0.001, ηp2 = .66,
respectively]. In sum, the distress ratings closely mirrored the expectancy ratings
observed in our previous experiments (Kindt et al., 2009; Soeter & Kindt, 2010).
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Fig. 4.5. Mean retrospective US expectancy scores to the fear conditioned stimuli (CS1,
CS2) and the control stimulus (CS3) during acquisition, memory reactivation, extinction,
testing, reacquisition and generalization. Error bars represent SEM.

Retrospective US Expectancy Ratings. Analysis of the expectancy ratings data
revealed a significant differential increase (CS1+ vs. CS3-, CS2+ vs. CS3-) in US
expectancy during acquisition (day 1) [trial 1 vs. trial 5; stimulus x trial, F1,14 =
261.31, P < 0.001, ηp2 = .95; F1,14 = 160.61, P < 0.001, ηp2 = .92, respectively; Fig.
4.5]. We observed no difference in expectancy ratings to the first trial of
acquisition learning [CS1+ vs. CS2+ vs. CS3-; F2,13 < 2.75]. The differential increase in
US expectancy (CS1 vs. CS3, CS2 vs. CS3, CS1 vs. CS2) remained stable from the last
trial of acquisition to the first extinction trial 48 hr later [stimulus x trial, Fs1,14 <
1.42]. During extinction learning (day 3), a significant decrease in US expectancy
(CS1 vs. CS3, CS2 vs. CS3) was found [trial 1 vs. trial 10; stimulus x trial, F1,14 =
21.21, P < 0.001, ηp2 = .60; F1,14 = 26.73, P < 0.001, ηp2 = .66, respectively]. In
addition, we observed a significant differential reinstatement effect (CS1 vs. CS3,
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CS2 vs. CS3) from the last trial of extinction learning to the first trial at test
[stimulus x trial, F1,14 = 10.79, P < 0.01, ηp2 = .44; F1,14 = 24.78, P < 0.001, ηp2 = .64,
respectively]. The US expectancy ratings (CS1 vs. CS3, CS2 vs. CS3) again reextinguished over the course of reinstatement testing [trial 1 vs. trial 5; stimulus x
trial, F1,14 = 18.26, P = 0.001, ηp2 = .57; F1,14 = 12.06, P < 0.01, ηp2 = .46,
respectively]. During reacquisition, a significant differential increase in US
expectancy (CS1 vs. CS3, CS2 vs. CS3) was found [trial 1 vs. trial 3; stimulus x trial,
F1,14 = 10.17, P < 0.01, ηp2 = .41; F1,14 = 21.34, P < 0.001, ηp2 = .60, respectively].
Moreover, the US expectancy ratings obtained during (re)acquisition generalized
to the category-related stimuli [G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; stimulus x trial,
Fs1,14 < 1.89; main effect of stimulus, F1,14 = 27.71, P < 0.001, ηp2 = .66; F1,14 = 34.19,
P < 0.001, ηp2 = .71, respectively]. Together, the retrospective US expectancy
corresponded to the pattern of the online subjective distress ratings.
Experiment Ib, Acquisition - Generalization
Fear Potentiated Startle Response. Even though in Experiment I the startle
fear response to the reactivated CS1 had recovered at the end of reacquisition, the
fear-erasing effects generalized to the category-related information. Several
explanations can be offered for this lack of fear generalization. First of all, the
strength of the memory trace following three-trial de novo fear acquisition may
have been insufficient to trigger startle potentiation to cues that were categoryrelated. Second, given the accumulating evidence that sleep facilitates the
abstraction of general rules from existing information (Walker, 2009), the
immediate succession of testing phases may also explain the lack of a generalized
fear response to the pharmacologically-treated CS1. These two explanations
predict a similar lack of fear generalization following initial three-trial fear
acquisition. Alternatively, it may be possible that reconsolidation blockade not
solely neutralizes the previously formed memory trace, but even suppresses
synaptic plasticity. If reacquisition following reconsolidation blockade indeed
differs mechanistically from initial learning, this might explain the lack of fear
generalization for the pharmacologically-treated CS1. Support for this alternative
hypothesis would be provided when initial three-trial fear conditioning does elicit
a generalized fear response. We conducted an additional experiment to explore
these possibilities and recruited a new group of participants who were exposed to
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Fear Potentiated Startle

only three trials of acquisition learning (i.e., similar to the reacquisition procedure
in Experiment I) directly followed by a test of fear generalization.
Analysis of variance revealed a significant differential increase of the startle
fear response (CS1+ vs. CS3-, CS2+ vs. CS3-) from trial 1 to trial 3 [stimulus x trial, F1,9
= 8.72, P < 0.05, ηp2 = .49; F1,9 = 21.90, P < 0.001, ηp2 = .71, respectively]. We
observed no difference in responding to the first trial of acquisition (CS1+ vs. CS2+
vs. CS3-) [stimulus, F2,8 < 1] and fear responses to the reinforced stimuli (CS1+ and
CS2+) were equally acquired [stimulus x trial, F1,9 < 1; Fig. 4.6]. The differential
increase in startle fear responding remained stable from the last trial of acquisition
to generalization [G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; stimulus x trial, Fs1,9 < 1].
Indeed, we observed a significant generalization of fear to the G-CS1 as well as GCS2 category-related cue [G-CS1 vs. G-CS3; t9 = 2.47, P < 0.05, two-tailed; G-CS2 vs.
G-CS3; t9 = 3.35, P < 0.01, two-tailed; G-CS1 vs. G-CS2; t9 < 1; Fig. 4.6]. Together,
these data indicate that the relearning of fear following the propranolol-induced
amnesia differs mechanistically and qualitatively from initial fear acquisition.
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Fig. 4.6. Mean startle potentiation to the fear conditioned stimuli (CS1, CS2), the control
stimulus (CS3) and noise alone (NA) trials during acquisition and generalization. Error bars
represent SEM.

Skin Conductance Response. Analysis of the skin conductance response
revealed a significant differential increase (CS1+ vs. CS3-, CS2+ vs. CS3-) in
electrodermal activity during acquisition [trial 1 vs. trial 3; stimulus x trial, F1,9 =
8.04, P < 0.05, ηp2 = .47; F1,9 = 6.81, P < 0.05, ηp2 = .43, respectively; Fig. 4.7]. We
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Skin Conductance Response

observed no difference in responding to the first trial of acquisition learning (CS1+
vs. CS2+ vs. CS3-) [stimulus, F2,8 < 1]. The differential increase in electrodermal
activity obtained during acquisition (trial 3) remained stable during generalization
[G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; stimulus x trial, Fs1,9 < 1]. That is, we observed a
significant generalization of the skin conductance response to the G-CS1 as well as
G-CS2 category-related cue [G-CS1 vs. G-CS3; t9 = 1.90, P < 0.05, one-tailed; G-CS2
vs. G-CS3; t9 = 2.04, P < 0.05, one-tailed; G-CS1 vs. G-CS2; t9 < 1].
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Fig. 4.7. Mean skin conductance responding to the fear conditioned stimuli (CS1, CS2) and
the control stimulus (CS3) during acquisition and generalization. Error bars represent SEM.

Online Distress Ratings. Analysis of variance showed acquisition by a
significant differential increase in subjective distress (CS1+ vs. CS3-, CS2+ vs. CS3-)
from trial 1 to trial 3 [stimulus x trial, F1,9 = 8.71, P < 0.05, ηp2 = .49; F1,9 = 7.90, P <
0.05, ηp2 = .47, respectively; Fig. 4.8]. We observed no difference in distress ratings
to the first trial of acquisition learning [CS1+ vs. CS2+ vs. CS3-; F2,8 < 2.1]. The
differential increase in subjective distress remained stable from the last trial of
acquisition to generalization [G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; stimulus x trial,
Fs1,9 < 1]. Indeed, we observed a significant generalization of distress to both the
category-related G-CS1 and G-CS2 cue [G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; main
effect of stimulus, F1,9 = 15.69, P < 0.01, ηp2= .64; F1,9 = 12.19, P < 0.01, ηp2 = .58,
respectively].
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Fig. 4.8. Mean online subjective distress ratings to the fear conditioned stimuli (CS1, CS2)
and the control stimulus (CS3) during acquisition and generalization. Error bars represent
SEM.

Retrospective US Expectancy

Retrospective US Expectancy Ratings. Analysis of the expectancy ratings
revealed a significant differential increase (CS1+ vs. CS3-, CS2+ vs. CS3-) in US
expectancy during acquisition [trial 1 vs. trial 3; stimulus x trial, F1,9 = 283.50, P <
0.001, ηp2= .97; F1,9 = 257.27, P < 0.001, ηp2 = .97, respectively; Fig. 4.9]. We
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Fig. 4.9. Mean retrospective US expectancy ratings to the fear conditioned stimuli (CS1,
CS2) and the control stimulus (CS3) during acquisition and generalization. Error bars
represent SEM.
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observed no difference in expectancy ratings to the first trial of acquisition
learning [CS1+ vs. CS2+ vs. CS3-; F2,8 < 2.67]. The US expectancy ratings significantly
decreased from the last trial of acquisition to generalization [G-CS1 vs. G-CS3, GCS2 vs. G-CS3; stimulus x trial, F1,9 = 9.88, P < 0.05, ηp2 = .52; F1,9 = 7.88, P < 0.05,
ηp2 = .57, respectively]. However, we observed a significant generalization of the
US expectancy ratings to the G-CS1 as well as the G-CS2 category-related cue [GCS1 vs. G-CS3, G-CS2 vs. G-CS3; main effect of stimulus, F1,9 = 232.07, P < 0.001, ηp2
= .96; F1,9 = 191.04, P < 0.001, ηp2 = .96, respectively].
Experiment II, Reactivation - Extinction
Fear Potentiated Startle Response. Analysis of variance showed fear learning
on day 1 by a significant differential increase of the startle fear response (i.e.,
simple contrasts: CS1+ vs. CS3-, CS2+ vs. CS3-) from trial 1 to trial 5 [stimulus x trial,
F1,13 = 11.75, P < 0.01, ηp2 = .48; F1,13 = 6.27, P < 0.05, ηp2 = .33, respectively]. We
observed no difference in responding to the first trial of acquisition (CS1+ vs. CS2+
vs. CS3-) [stimulus, F2,13 < 1] and fear responses to the reinforced CS1+ and CS2+
were equally acquired [stimulus x trial, F1,13 < 1; Fig. 4.10].
The startle fear response obtained during acquisition remained stable 24 hr
later, that is, from the last trial of acquisition to memory reactivation [CS1 vs. NA;
stimulus x trial, F1,14 < 1] as well as to the first extinction trial following reactivation
of the memory [CS1 vs. CS3, CS2 vs. CS3; stimulus x trial, Fs1,13 < 1]. We observed a
significant reduction of the differential startle fear response (CS1 vs. CS3, CS2 vs.
CS3) from the first trial of extinction to the last trial of extinction learning (day 2)
[stimulus x trial, F1,14 = 11.53, P < 0.01, ηp2 = .48; F1,14 = 5.51, P < 0.05, ηp2 = .28,
respectively; Fig. 4.10] and fear responses to the reactivated CS1 and the nonreactivated CS2 were equally diminished [stimulus x trial, F1,14 < 1]. Moreover, the
absence of a differential startle response on the last trial of extinction learning
[CS1 vs. CS3, CS2 vs. CS3; ts14 < 1.27] demonstrates that the previously acquired
fear was successfully extinguished (i.e., day 2).
Whereas the differential startle response to the non-reactivated CS2
recovered from the last extinction trial (day 2) to the first trial of re-extinction
learning (day 3) [CS2 vs. CS3; stimulus x trial, F1,14 = 12.39, P < 0.01, ηp2 = .47], the
fear response to the reactivated CS1 remained eliminated 24 hr later [CS1 vs. CS3;
stimulus x trial, F1,14 < 1]. Indeed, we observed a significant return of fear to the
non-reactivated CS2 as opposed to the reactivated CS1 stimulus [stimulus x trial,
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F1,14 = 10.14, P < 0.01, ηp2 = .42; Fig. 4.10]. The differential startle response to the
reactivated CS1 even no longer reached significance on the first trial of reextinction (day 3) [CS1 vs. CS3; t14 < 1], indicating that retrieval of the fear memory
(CS1-US) prior to extinction learning (day 2) selectively prevented the spontaneous
recovery of fear 24 hr later (day 3) (Schiller et al., 2010).
Consequently, a significant decrease of the differential startle response to the
reactivated CS1 was observed from the last trial of acquisition (day 1) to the first
re-extinction trial 48 hr later (day 3) [CS1 vs. CS3; stimulus x trial, F1,13 = 5.25, P <
0.05, ηp2 = .29; Fig. 4.10], irrespective of the reactivated stimulus [spider vs. gun;
stimulus x trial x stimulus category, F1,13 < 1.76]. Conversely, startle responses to
the non-reactivated CS2 remained stable from the last acquisition trial to the first
trial of re-extinction learning (day 3) [CS2 vs. CS3; stimulus x trial, F1,13 < 1]. Further
comparisons between the two feared stimuli indeed showed intact fear responses
to the non-reactivated CS2 contrary to the reactivated CS1 [stimulus x trial, F1,13 =
4.47, P = 0.054, ηp2 = .26].
Given that responses to the reactivated CS1 were already diminished (day 3),
we observed no differential change in startle responses (CS1 vs. CS3) over the
course of re-extinction learning [trial 1 vs. trial 10; stimulus x trial, F1,14 < 1; Fig.
4.10]. In contrast, startle responses to the non-reactivated CS2 significantly
decreased from the first re-extinction trial to the last trial of re-extinction [CS2 vs.
CS3; stimulus x trial, F1,14 = 16.75, P = 0.001, ηp2 = .55].
Although the spontaneous recovery of fear (day 3) (CS1 vs. CS3) was
selectively prevented by reactivating the CS1 memory prior to extinction learning,
the reminder shocks elicited a significant return of fear to the reactivated CS1 [CS1
vs. CS3; stimulus x trial, F1,14 < 19.88, P = 0.001, ηp2 = .59] as well as to the nonreactivated CS2 [CS2 vs. CS3; stimulus x trial, F1,14 = 18.85, P = 0.001, ηp2 = .57]. As
we also observed no difference in the reinstatement of the fear response between
the two conditioned stimuli (CS1 vs. CS2) [stimulus x trial, F1,14 < 1; Fig. 4.10], these
data demonstrate that the original fear association of the CS1 stimulus (i.e., CS1US) remained intact. Re-extinction learning (trial 1 vs. trial 5) following the
reminder shocks again reduced fear responses to both the reactivated CS1 [CS1 vs.
CS3; stimulus x trial, F1,14 = 19.02, P = 0.001, ηp2 = .61] and the non-reactivated CS2
[CS2 vs. CS3; stimulus x trial, F1,14 = 12.56, P < 0.01, ηp2 = .51].
During reacquisition we observed a rapid recovery of the startle fear response
(trial 1 vs. trial 2) to the reactivated CS1 [CS1 vs. CS3; stimulus x trial, F1,14 = 6.32, P
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< 0.05, ηp2 = .31] as well as to the non-reactivated CS2 [CS2 vs. CS3; stimulus x trial,
F1,14 = 6.92, P < 0.05, ηp2 = .33]. Further comparisons between the two feared
stimuli revealed no differences in the return of fear during reacquisition (CS1 vs.
CS2) (trial 1 vs. trial 2) [stimulus x trial, F1,14 < 1; Fig. 4.10]. Moreover, a significant
differential fear response was observed at the end of reacquisition learning (trial 3)
[CS1 vs. CS3; t14 = 6.07, P = 0.001, two-tailed ; CS2 vs. CS3; t14 = 2.92, P < 0.05, twotailed; CS1 vs. CS2; t14 < 1.36].
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Fig. 4.10. Mean startle potentiation to the fear conditioned stimuli (CS1, CS2), the control
stimulus (CS3) and noise alone (NA) trials during acquisition, memory reactivation,
extinction, re-extinction, testing, reacquisition and generalization. Error bars represent
SEM.

The recovered fear response to both feared stimuli remained stable from the
last trial of reacquisition (CS1 vs. CS3; CS2 vs. CS3) to the generalization cue [G-CS1
vs. G-CS3; stimulus x trial, F1,14 < 1; G-CS2 vs. G-CS3; stimulus x trial, F1,14 < 1; Fig.
4.10]. Indeed, we observed a significant generalization of fear to the reactivated as
well as to the non-reactivated generalization cue [G-CS1 vs. G-CS3; t14 = 4.04, P =
0.001, two-tailed; G-CS2 vs. G-CS3; t14 = 3.16, P < 0.01, two-tailed] and no
difference in fear generalization was observed between the two category-related
cues [G-CS1 vs. G-CS2; t14 < 1].
Skin Conductance Response. Overall analysis of electrodermal responding
showed no acquisition on day 1 [CS1+ vs. CS3-, CS2+ vs. CS3-; stimulus x trial, Fs1,14 <
2.86]. Therefore, only subjects showing successful levels of skin conductance
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conditioning (i.e., trial 5 CS1+ or CS2+ > CS3-) were included in the analyses (see
Experiment I, Propranolol - Reactivation). Two subjects were eliminated.
Subsequent analysis of variance revealed a significant differential increase in
electrodermal activity (CS1+ vs. CS3-, CS2+ vs. CS3-) from trial 1 to trial 5 (day 1)
[stimulus x trial, F1,12 = 8.10, P < 0.05, ηp2 = .40; F1,12 = 5.43, P < 0.05, ηp2 = .31,
respectively; Fig. 4.11]. We observed no difference in responding to the first trial
of acquisition learning (CS1+ vs. CS2+ vs. CS3-) [stimulus, F2,11 < 1]. The differential
increase in electrodermal activity (CS1 vs. CS3, CS2 vs. CS3, CS1 vs. CS2) obtained
during acquisition (trial 5) remained stable 24 hr later [extinction trial 1; stimulus x
trial Fs1,12 < 1]. Moreover, we observed a significant decrease in electrodermal
responding (CS1 vs. CS3, CS2 vs. CS3) during extinction learning (day 2) [trial 1 vs.
trial 10; stimulus x trial, F1,12 = 5.04, P < 0.05, ηp2 = .30; F1,12 = 5.30, P < 0.05, ηp2 =
.31, respectively].
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Fig. 4.11. Mean skin conductance responding to the fear conditioned stimuli (CS1, CS2) and
the control stimulus (CS3) during acquisition, memory reactivation, extinction, reextinction, testing, reacquisition and generalization. Error bars represent SEM.

Contrary to the findings by Schiller et al. (2010), skin conductance responses
to both the reactivated CS1 [CS1 vs. CS3; stimulus x trial, F1,12 = 7.22, P < 0.05, ηp2 =
.38] and the non-reactivated CS2 [CS2 vs. CS3; stimulus x trial, F1,12 = 8.89, P < 0.05,
ηp2 = .43; Fig. 4.11] recovered from the last extinction trial (day 2) to the first trial
of re-extinction learning (day 3). Further comparisons indeed showed no
difference in the return of electrodermal responding between the two conditioned
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stimuli [CS1 vs. CS2; stimulus x trial, F1,12 < 1]. We again observed a significant
decrease in electrodermal activity (CS1 vs. CS3, CS2 vs. CS3) during re-extinction
learning (day 3) [trial 1 vs. trial 10; stimulus x trial, F1,12 = 4.90, P < 0.05, ηp2 = .29;
F1,12 = 5.09, P < 0.05, ηp2 = .30, respectively].
Analysis of the reinstatement effect revealed no differential increase (CS1 vs.
CS3, CS2 vs. CS3) in electrodermal responding from the last re-extinction trial to
the first trial at test [stimulus x trial, Fs1,12 < 1]. However, for both the conditioned
CSs (CS1 and CS2) and the control stimulus (CS3) we observed an increase in
electrodermal activity following the reminder shocks [main effect of trial, F1,12 =
18.15, P = 0.001, ηp2 = .60; Fig. 4.11]. Therefore, further analyses of the
reinstatement effect only comprised skin conductance responses to the
conditioned stimuli (CS1 and CS2). Re-analyzing the reinstatement effect produced
a significant return of electrodermal activity [CS1 vs. CS2; main effect of trial, F1,12 =
18.68, P = 0.001, ηp2 = .61; stimulus x trial, F1,12 < 1]. Skin conductance responses
again re-extinguished over the course of reinstatement testing [trial 1 vs. trial 5;
main effect of trial, F1,12 = 14.81, P < 0.01, ηp2 = .55].
Reacquisition learning did not result in a significant increase (CS1 vs. CS3, CS2
vs. CS3) in electrodermal responding [trial 1 vs. trial 2 or trial 3; stimulus x trial,
Fs1,12 < 1.12]. The differential skin conductance response (CS1 vs. CS3, CS2 vs. CS3)
even no longer reached significance [trial 2 & trial 3; ts12 < 1.46]. However, a
differential skin conductance response for both conditioned stimuli (G-CS1 vs. GCS3, G-CS2 vs. G-CS3) was observed during generalization [main effect of stimulus,
F1,12 = 4.87, P < 0.05, ηp2 = .28; F1,12 = 5.30, P < 0.05, ηp2 = .31, respectively; Fig.
4.11], indicating that the skin conductance response obtained during acquisition
(CS1 vs. CS3, CS2 vs. CS3) (day 1, trial 5) generalized to the category-related
information (trial 1) [G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; stimulus x trial, Fs1,12 < 1].
Online Distress Ratings. Analysis of the distress ratings (CS1+ vs. CS3-, CS2+ vs.
CS3-) showed a significant increase in subjective distress during acquisition (day 1)
[trial 1 vs. trial 5, stimulus x trial, F1,14 = 12.10, P < 0.01, ηp2 = .46; F1,14 = 7.69, P <
0.05, ηp2 = .36, respectively; Fig. 4.12]. We observed no difference in distress
ratings to the first trial of acquisition learning [CS1+ vs. CS2+; t14 < 1]. The
differential increase in subjective distress (CS1 vs. CS3, CS2 vs. CS3, CS1 vs. CS2)
remained stable from the last trial of acquisition to the first extinction trial 24 hr
later [extinction trial 1; stimulus x trial, Fs1,14 < 1]. Moreover, we observed a
significant decrease in distress ratings (CS1 vs. CS3, CS2 vs. CS3) during extinction
105

Chapter 4

learning (day 2) [trial 1 vs. trial 10; stimulus x trial, F1,14 = 14.84, P < 0.01, ηp2 = .52;
F1,14 = 17.04, P = 0.01, ηp2 = .55, respectively]. The distress ratings (CS1 vs. CS3, CS2
vs. CS3) recovered from the last trial of extinction learning (day 2) to the first reextinction trial 24 hr later [stimulus x trial, F1,14 = 9.02, P < 0.01, ηp2 = .39; F1,14 =
10.40, P < 0.01, ηp2 = .43, respectively]. Yet again, a significant decrease in
subjective distress (CS1 vs. CS3, CS2 vs. CS3) was observed during re-extinction
(day 3) [trial 1 vs. trial 10; stimulus x trial, F1,14 = 8.85, P = 0.01, ηp2 = .39; F1,14 =
15.94, P = 0.001, ηp2 = .53, respectively]. In addition, we observed a significant
differential reinstatement effect (CS1 vs. CS3, CS2 vs. CS3) from the last trial of reextinction to the first trial at test [stimulus x trial, F1,14 = 8.17, P < 0.05, ηp2 = .37;
F1,14 = 5.25, P < 0.05, ηp2 = .27, respectively]. The distress ratings (CS1 vs. CS3, CS2
vs. CS3) again re-extinguished over the course of reinstatement testing [trial 1 vs.
trial 5; stimulus x trial, F1,14 = 18.49, P = 0.001, ηp2 = .57; F1,14 = 7.33, P < 0.05, ηp2 =
.34, respectively]. During reacquisition, a significant differential increase in distress
ratings (CS1 vs. CS3, CS2 vs. CS3) was found [trial 1 vs. trial 3; stimulus x trial, F1,14 =
5.94, P < 0.05, ηp2 = .28; F1,14 = 13.94, P < 0.01, ηp2 = .50, respectively]. Moreover,
the distress ratings obtained during (re)acquisition generalized to the categoryrelated cues [G-CS1 vs. G-CS3, G-CS2 vs. G-CS3; stimulus x trial, Fs1,14 < 1; main
effect of stimulus, F1,14 = 20.34, P < 0.001, ηp2 = .59; F1,14 = 23.87, P < 0.001, ηp2 =
.63, respectively].
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Fig. 4.12. Mean online distress ratings to the fear conditioned stimuli (CS1, CS2) and the
control stimulus (CS3) during acquisition, memory reactivation, extinction, re-extinction,
testing, reacquisition and generalization. Error bars represent SEM.
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Retrospective US Expectancy Ratings. Analysis of variance showed
contingency learning on day 1 by a significant differential increase in US
expectancy (CS1+ vs. CS3-, CS2+ vs. CS3-) from trial 1 to trial 5 [stimulus x trial, F1,14 =
102.98, P < 0.001, ηp2 = .88; F1,14 = 108.69, P < 0.001, ηp2 = .89, respectively; Fig.
4.13]. We observed no difference in expectancy ratings to the first trial of
acquisition learning [CS1+ vs. CS2+ vs. CS3-; F2,13 < 1.89]. The differential increase in
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Fig. 4.13. Mean retrospective US expectancy ratings to the fear conditioned stimuli (CS1,
CS2) and the control stimulus (CS3) during acquisition, memory reactivation, extinction, reextinction, testing, reacquisition and generalization. Error bars represent SEM.

US expectancy (CS1 vs. CS3, CS2 vs. CS3, CS1 vs. CS2) obtained during acquisition
(trial 5) remained stable 24 hr later [extinction trial 1; stimulus x trial, Fs1,14 < 2.76].
Moreover, we observed a significant decrease in expectancy ratings (CS1 vs. CS3,
CS2 vs. CS3) during extinction learning (day 2) [trial 1 vs. trial 10; stimulus x trial,
F1,14 = 70.36, P < 0.001, ηp2 = .83; F1,14 = 74.71, P < 0.001, ηp2 = .84, respectively].
The expectancy ratings (CS1 vs. CS3, CS2 vs. CS3) recovered from the last
extinction trial (day 2) to the first trial of re-extinction 24 hr later (day 3) [stimulus
x trial, F1,14 = 5.79, P < 0.05, ηp2 = .29; F1,14 = 7.63, P < 0.05, ηp2 = .35, respectively].
During re-extinction learning, a significant decrease in US expectancy (CS1 vs. CS3,
CS2 vs. CS3) was found [trial 1 vs. trial 10; stimulus x trial, F1,14 = 13.63, P < 0.01, ηp2
= .49; F1,14 = 6.74, P < 0.05, ηp2 = .33, respectively]. Analysis of the reinstatement
effect revealed a significant return in US expectancy (CS1 vs. CS3, CS2 vs. CS3) from
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the last trial of re-extinction to the first trial at test [stimulus x trial, F1,14 = 16.66, P
= 0.001, ηp2 = .54; F1,14 = 10.55, P < 0.01, ηp2 = .43, respectively]. The expectancy
ratings (CS1 vs. CS3, CS2 vs. CS3) again re-extinguished following the reminder
shocks [trial 1 vs. trial 5; stimulus x trial, F1,14 = 6.83, P < 0.05, ηp2 = .33; F1,14 = 8.78,
P = 0.01, ηp2 = .39, respectively]. During reacquisition, a significant differential
increase in US expectancy (CS1 vs. CS3, CS2 vs. CS3) was found [trial 1 vs. trial 3;
stimulus x trial, F1,14 = 8.00, P < 0.05, ηp2 = .36; F1,14 = 5.00, P < 0.05, ηp2 = .25,
respectively]. In addition, the US expectancy ratings obtained during
(re)acquisition generalized to the category-related stimuli [G-CS1 vs. G-CS3, G-CS2
vs. G-CS3; stimulus x trial, Fs1,14 < 2.40; main effect of stimulus, F1,14 = 48.60, P <
0.001, ηp2 = .78; F1,14 = 56.71, P < 0.001, ηp2 = .80, respectively].

Discussion
Here, we demonstrate that β-adrenergic receptor blockade during memory
reconsolidation resulted in selective erasure of the startle fear response to both
the reactivated fear association and its category-related information. Even though
administering pills prior to reactivation does not discard the effect of the drug on
memory retrieval itself rather than on reconsolidation, the fear-reducing effects
were only observed during the post-reactivation tests. The intact startle
potentiation during memory reactivation further suggests that a nonspecific
dampening effect of the β-adrenergic receptor antagonist cannot explain the
erasure of the startle fear response. It is also noteworthy that we recently
observed a similar reduction in startle fear responding when propranolol HCl was
administered after reactivation of the memory (see Chapter 6). In line with our
previous studies (Kindt et al., 2009; Soeter & Kindt, 2010), the propranolol
manipulation left the declarative aspects of the fear memory intact (i.e., skin
conductance conditioning, subjective distress and expectancy ratings), signifying
no updating of the more cognitive and conscious memory representation (Lee,
2009). Importantly though, the administration of the β-adrenergic receptor
antagonist selectively ‘deleted’ the fear-arousing aspects of the reactivated
memory, as reacquisition learning did not reveal any savings of the fear response.
This contrasts sharply with the rapid reacquisition of the fear response to the nonreactivated cue, demonstrating that extinction learning leaves the original fear
memory intact (Bouton, 2002). The fear-erasing effects following reconsolidation
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blockade were not restricted to the reactivated fear association, but instead
generalized to cues that were category-related (i.e., fear network), even though
the fear response to the updated cue had recovered at the end of reacquisition.
Relearning following the disruption of reconsolidation seems to be qualitatively
different from original learning given that three-trial fear acquisition in naive
participants was sufficient to produce a generalized fear response (i.e., Experiment
Ib). The generalization of fear has been demonstrated to be dependent on the
strength of the memory as operationalized by training intensity (Laxmi et al.,
2003). Apparently, -adrenergic interference with reconsolidation rendered the
core memory trace too weak for fear generalization to occur following successful
reacquisition. The propranolol HCl manipulation may have suppressed the synaptic
plasticity instead of solely neutralizing the emotional impact of the memory.
Among other noradrenergic receptor antagonists, propranolol has been shown to
inhibit noradrenaline-stimulated CREB phosphorylation by blocking the classical adrenergic / cAMP pathway (Jockers et al., 1998; Chaundhry & Granneman, 1999;
Thonberg et al., 2002). CREB has not only been implicated in the formation but
also in the generalization of associative fear memory (Han et al., 2008). Our
findings further demonstrate that the assimilation of individual memory items into
a generalized schema may be dissociable for semantic and affective knowledge.
That is, upon exposure to the cues that were category-related to the reactivated
fear association, the participants again predicted danger without a concomitant
fear response.
Contrary to the findings by Schiller et al. (2010), we did not observe any
effects of the behavioral procedure presented within the reconsolidation window
on skin conductance discrimination. These data do not lend support for
interference with the process of reconsolidation given that the informational value
(i.e., extinction learning) provided during retrieval should at least have allowed for
updating at the more cognitive level of memory. There are a number of procedural
differences that may account for the discrepancy between findings. First of all,
being especially resistant to extinction learning (Mineka & Öhman, 2002), the fearrelevant stimuli (as opposed to geometric figures) may have rendered the
procedure ineffective. Although extinction learning subsequent to memory
retrieval successfully eliminated the previously acquired skin conductance
response, this does not prove that the number of extinction trials was sufficient for
updating the original fear memory. Given that anxiety disorders do not tend to be
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associated with fear-irrelevant stimuli (e.g., geometric figures) but rather with
objects and situations related to survival threats (i.e., fear-relevant stimuli)
(Mineka & Öhman, 2002), a behavioral procedure should also be suitable for
updating stronger fear memory. Second, the ratings of subjective distress or the
presentation of the startle probe may have interfered with the measurement of
electrodermal activity. On the other hand, we observed a clear conditioning for
the skin conductance response during fear acquisition, refuting the idea that the
acoustic stimulus disrupted the electrodermal activity. Moreover, we recently
observed that omitting ‘online ratings’ does not differentially affect skin
conductance responding (see Chapter 6). Further note that we also did not
observe any effects on the other measures of declarative memory (i.e., distress
ratings, expectancy ratings). Even though the retrieval trial prior to extinction
learning selectively prevented the spontaneous recovery of the startle fear
response, the reminder shocks and reacquisition learning both resulted in the
return of fear responding. Thus, the spacing of the single trial during memory
retrieval relative to extinction learning did not allow for ‘rewriting’ the original fear
association but instead yielded a more persistent extinction performance,
restricted to the startle fear response. Like reconsolidation, also extinction
learning enables memories to be updated or modified (Lee, 2009). For both
approaches, retrieval renders the memory vulnerable for modification by returning
it to a plastic state. The ten minutes between the first extinction trial (i.e., memory
retrieval) and the other extinction trials apparently induced more plasticity of the
fear memory such that a stronger inhibitory memory trace could be formed.
Overall, the present findings stand in sharp contrast to those reported by
Schiller et al. (2010). It is important to note that Schiller et al. (2010) disregarded
the first test trial in demonstrating the persistent alteration of the fear memory
one year later. This trial is essential in determining the return of fear; the more so
as the first test trial itself traditionally results in extinction learning. Albeit animal
studies showed fear-erasing effects by the behavioral disruption of
reconsolidation, that is, when presented shortly after initial consolidation (Monfils
et al., 2009; Clem & Huganir, 2010), subtle procedural variations (i.e., context
change) also produced contrasting results in a recent study in rats (Chan et al.,
2010). Among the above-mentioned procedural differences (e.g., fear-relevant
stimuli), our study diverged from that of Schiller et al. (2010) in reinforcement
scheme during fear acquisition (i.e., 80 % vs. 38 % reinforcement scheme,
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respectively). The retrieval trial in our study may therefore have triggered
extinction learning instead of reconsolidation of the memory (Pedreira et al.,
2004). This is, however, difficult to reconcile with our pharmacological data. The
issue of whether a new experience updates an existing memory (i.e.,
reconsolidation) or triggers a new memory formation (i.e., extinction) might
depend on the duration of the reactivation (Suzuki et al., 2004). Prolonged reexposure (i.e., extinction) may prevent reconsolidation from occurring (Lee et al.,
2006). Although the re-exposure to the conditioned stimulus was similar for the
pharmacological and behavioral manipulation, its relation to initial learning may
govern the interaction between reconsolidation and extinction. The experimental
parameters determining whether extinction or reconsolidation predominates may
differ between pharmacological and behavioral manipulations.
In sum, the behavioral procedure (i.e., extinction learning) did not allow for
updating of either the emotional expression or the cognitive representation of a
strong fear memory. In contrast, the disruption of reconsolidation by the
pharmacological manipulation selectively ‘neutralized’ the fear-arousing aspects of
the memory along with its category-related information. Given that the
generalization of fear lies at the heart of many anxiety disorders, these findings
may have important therapeutic implications.
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Chapter 5

Ample evidence in animals and humans supports the noradrenergic
modulation in the formation of emotional memory. However, in humans the
effects of stress on emotional memory are traditionally investigated by
declarative memory tests (e.g., recall, recognition) for non-associative emotional
stimuli (e.g., stories, pictures). Given that anxiety disorders are thought to
originate from associative learning processes and are characterized by
distressing emotional responses, the existing literature seems to be inconclusive
for the understanding of these disorders. Here, we tested whether noradrenaline
strengthens the formation of associative fear memory by using a differential fear
conditioning procedure in humans. Stimulation of the noradrenergic system by
the administration of yohimbine HCl (20 mg) during memory formation did not
directly augment the differential startle fear response 48 hr later. Yet, the other
retention tests uncovered that the administration of yohimbine HCl contrary to
placebo pill extensively delayed the process of extinction learning and generated
a superior recovery of fear (i.e., reinstatement and reacquisition). Conversely,
the yohimbine HCl manipulation did not affect the skin conductance responding
and the US expectancy ratings, emphasizing the concept of multiple memory
systems. Our data demonstrate that increased noradrenaline release during or
shortly after a stressful event strengthens the emotional expression of human
associative fear memory (i.e., startle fear response). The present findings suggest
that noradrenaline may play an important role in the etiology and maintenance
of anxiety disorders.
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Emotionally arousing experiences often attain a privileged status in memory
(McGaugh, 2002; LaBar & Cabeza, 2006). Ample evidence in animals demonstrates
that stress hormones released by arousing learning experiences activate
noradrenergic mechanisms within the basolateral nucleus of the amygdala (BLA)
(McGaugh & Roozendaal, 2009). This noradrenergic activation of the BLA in turn
strengthens consolidation processes in brain regions such as the hippocampus
(McGaugh, 2004). The involvement of noradrenergic hormones in human memory
has been investigated by either blocking or activating noradrenergic receptors in
the brain. That is, blockade of noradrenergic functioning with propranolol HCl
selectively impairs memory performance for emotional-arousing material (Cahill et
al., 1994; Hurlemann et al., 2005; van Stegeren, 1998, 2008). Conversely, postlearning administration of adrenergic drugs or hormones (e.g., yohimbine HCl)
enhances memory consolidation of emotionally arousing information (Southwick
et al., 2002; Cahill & Alkire, 2003). These findings thus support the noradrenergic
modulation in the formation of human emotional memory (McGaugh, 2004). Even
though these memory-enhancing effects of emotional arousal are extremely
functional from an evolutionary perspective, the impact of emotion on memory
can also have long-term detrimental consequences.
Research into the effects of stress on emotional memory is highly relevant for
a better understanding of the etiology and maintenance of emotional disorders,
such as anxiety disorders. However, in humans the effects of stress on memory are
traditionally investigated for non-associative and distinct emotional stimuli (e.g.,
emotional stories, pictures) (Cahill et al., 1994; van Stegeren et al., 1998;
Southwick et al., 2002; Cahill & Alkire, 2003; Hurlemann et al., 2005). Given that
patients with anxiety disorders either fear stimuli that are intrinsically nonthreatening or they persist in fear responding whilst the acute threat already
disappeared (e.g., after traumatic experiences), the emotional memory literature
seems to be inconclusive for the understanding of these disorders. Indeed, a
valuable experimental model for the pathogenesis of anxiety disorders is that they
originate from a learned association between a previously neutral event
(Conditioned Stimulus, CS) (e.g., stranger) and an anticipated disaster
(Unconditioned Stimulus, US) (e.g., physical attack). Remarkably, the effect of
stress hormones such as noradrenaline on associative fear memory in humans
currently remains unknown.
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Another notable aspect of research into human emotional memory is that
most studies did not assess the emotional response but the declarative memory
for the emotional stimuli (Cahill et al., 1994; van Stegeren et al., 1998; Southwick
et al., 2002; Cahill & Alkire, 2003; Hurlemann et al., 2005). However, not the
factual recollection but the concomitant excessive emotional expression is the
main problem in emotional disorders (Ehlers et al., 2004). In particular, hypernoradrenergic activity in the wake of a life-threatening event may contribute to
the ‘overconsolidation’ of memory for trauma, generating disturbing intrusive
memories that are characteristic of posttraumatic stress disorder (PTSD) (Pitman &
Delahanty, 2005; Glannon, 2006; Henry et al., 2007). In patients with PTSD, these
involuntary traumatic memories may be experienced as reenactments of the
original trauma (‘flashbacks’) and are associated with significant emotion and
distress (DSM-IV-R, American Psychiatric Association, 2000). Thus, taken together,
a crucial question is whether noradrenaline strengthens the emotional expression
of associative fear memory.
Here, we addressed this issue using a differential fear conditioning procedure
in humans. Testing included different phases across two days separated by 48 hr.
During acquisition, one of two stimuli (CS1+) was repeatedly paired with an
aversive electric stimulus (US), while the other stimulus (CS2-) was not (i.e.,
pictures of spiders; IAPS numbers 1200 - 1201) (Lang et al., 2005). The formation
of fear memory was manipulated by the systemic administration of yohimbine HCl,
a α2-adrenergic antagonist known to stimulate central noradrenergic activity by
blocking the α2-adrenergic autoreceptor (Charney et al., 1987; Peskind et al.,
1995). In order to reach peak plasma levels upon completion of the acquisition
phase (Tmax < 1; Grasing et al., 1996), participants received double-blind an oral
dose of either 20 mg of yohimbine HCl or placebo pill 30 min prior to fear learning.
To substantiate consolidation of the fear memory (Dudai, 2004), memory
retention (CS1 vs. CS2) was tested 48 hr later. We further included an extinction
procedure to investigate whether noradrenergic stimulation during memory
formation would impair the ‘unlearning’ of fear-related behavior. Even though the
extinction of fear (i.e., unpaired CS presentations) involves new learning that acts
to inhibit or compete with the original fear association (e.g., Bouton, 1993), the
net effect of the extinction procedure is not only established by the inhibitory
learning but also by the strength of the original excitatory fear memory. Hence, a
former strengthening of the fear association by noradrenergic stimulation may be
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expressed in a resistance to fear extinction 48 hr later (Myers & Davis, 2002;
Rodríguez Manzanares et al., 2005; Yamamoto et al., 2008). In addition to the
extinction procedure two other retrieval techniques (i.e., reinstatement testing
and reacquisition) were employed to test the noradrenaline-enhancing effects on
the recovery of fear memory expression. The conditioned fear response was
measured as potentiation of the eyeblink startle reflex to a loud noise by
electromyography (EMG) of the right orbicularis oculi muscle. Stronger startle
responses to the loud noise during the CS1+ as compared to the control stimulus
(CS2-) reflects the fearful state of the participant elicited by the feared CS. Startle
potentiation is considered a reliable and specific index of fear (Hamm & Weike,
2005), directly connected with and modulated by the amygdala (Davis, 2006).
Declarative knowledge of the fear association was measured through online US
expectancy ratings during each CS presentation within 5 s after stimulus onset. We
obtained skin conductance responses as an objective measure of US anticipation
(Weike et al., 2007; Soeter & Kindt, 2010). In addition, salivary alpha amylase
(sAA) and blood pressure levels were determined to ensure the yohimbine HCl
manipulation exerted its intended physiological effect. We hypothesized that
stimulation of the noradrenergic system during acquisition would strengthen the
associative fear memory 48 hr later and thereby (1) augment the fear expression
to the first extinction trials - (2) delay the process of extinction learning - and (3)
generate a superior recovery of fear (i.e., reinstatement testing and reacquisition),
relative to placebo pill.

Materials and Methods
Participants
Thirty undergraduate students (10 men, 20 women) from the University of
Amsterdam ranging in the age of 18 to 29 years (mean ± SD age, 22.1 ± 3.0 years)
participated in the study. All participants were assessed to be free from any
current or previous medical or psychiatric condition that would contraindicate
taking a single 20 mg oral dose of yohimbine hydrochloride (i.e., pregnancy;
seizure disorder; respiratory disorder; cardiovascular disease; blood pressure ≥
140/90; diabetes; liver or kidney disorder; use of medication that could involve
potentially dangerous interactions with yohimbine HCl; depression; or psychosis).
In order to eliminate individuals who might have difficulty with any temporary
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symptoms induced by the yohimbine HCl manipulation, an additional exclusion
criterion contained a score ≥ 26 on the Anxiety Sensitivity Index (ASI) (Peterson &
Reiss, 1992). Participants were randomly assigned to one of two conditions with
the restriction that conditions were matched on Trait Anxiety (STAI-T) (Spielberger
et al., 1970), Spider Phobic Questionnaire (SPQ) (Klorman et al., 1974), and ASI
scores as close as possible; placebo pill (n = 15; mean STAI-T score ± SD, 37.3 ± 8.6;
mean SPQ score ± SD, 9.4 ± 7.7; mean ASI score ± SD, 10.1 ± 3.6) and yohimbine
HCl (n = 15; mean STAI-T score ± SD, 37.9 ± 8.6; mean SPQ score ± SD, 6.4 ± 4.3;
mean ASI score ± SD, 9.5 ± 4.9). Participants received either partial course credits
or were paid a small amount (€ 28,-) for their participation in the experiment. The
study was approved by the ethical committee of the University of Amsterdam and
informed consent was obtained from all participants.
Apparatus and Materials
Stimuli. In order to strengthen the fear association during acquisition, fearrelevant stimuli served as CSs (i.e., pictures of spiders; IAPS numbers 1200 - 1201)
(Lang et al., 2005). The slides were 200 mm high and 270 mm wide and were
presented in the middle of a black screen on a 19-in computer monitor. One of the
slides (CS1+) was followed by an US (75 % of the presentations), while the other
slide (CS2-) was not. Assignment of the slides as CS1+ and CS2- was
counterbalanced across participants. Both the CS1 and CS2 stimuli were presented
for 8 s. The startle probe was presented 7 s after CS onset and was followed by the
US (CS1+) 500 ms later. An electric stimulus with duration of 2 ms, delivered to the
wrist of the non-preferred hand, served as US. Delivery of the electric stimulus was
controlled by a Digitimer DS7A constant current stimulator (Hertfordshire, UK) via
a pair of Ag electrodes of 20 by 25 mm with a fixed inter-electrode mid-distance of
45 mm. A conductive gel (Signa, Parker) was applied between the electrodes and
the skin.
Fear Potentiated Startle. The conditioned fear response (CR) was measured
as potentiation of the eyeblink startle reflex to a loud noise by electromyography
(EMG) of the right orbicularis oculi muscle. Potentiation of the startle blink
response is only observed during aversive fear conditioning (Weike et al., 2007).
Neurally, it reflects the influence of direct and indirect connections from the
amygdala to the primary startle-reflex pathway in the brainstem (Davis & Whalen,
2001). The loud noise (40 ms; 104 dB) was administered during each CS
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presentation and during intertrial intervals (NA: Noise Alone). Two 7 mm Ag/AgCl
electrodes filled with electrolyte gel were positioned approximately 1 cm under
the pupil and 1 cm below the lateral canthus; a ground reference was placed on
the forehead (Blumenthal et al., 2005). All acoustic stimuli were delivered
binaurally through headphones (Model MD-4600; Compact Disc Digital Audio,
Monacor). The eyeblink EMG activity was measured using a bundled pair of
electrode wires connected to a front-end amplifier with an input resistance of 10
MΩ and a bandwidth of DC-1500 Hz. To remove unwanted interference, a notch
filter was set at 50 Hz. Integration was handled by a true-RMS converter (contour
follower) with a time constant of 25 msec. The integrated EMG signal was sampled
at 1000 Hz. Peak amplitudes were identified over the period of 50 - 100 ms
following probe onset.
Skin Conductance Response. Electrodermal activity (SCR) was measured using
an input device with a sine shaped excitation voltage (± .5 V) of 50 Hz, derived
from the mains frequency. The input device was connected to two Ag/AgCl
electrodes of 20 by 16 mm. The electrodes were attached 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-6624).
Skin conductance responses elicited by the CS were determined by taking the
average baseline (i.e., 2 s before CS onset) to peak difference within the 1 to 7 s
window following stimulus onset. A minimum response criterion of 0.02 micro
Siemens (μS) was used. All other responses were scored as zero and remained in
the analyses (Effting & Kindt, 2007). The raw SCR scores were log-transformed to
normalize distributions.
US Expectancy Measures. Rated expectations of the US were measured
online during CS presentation using a computer mouse on a continuous rating
scale placed within reach of the preferred hand. The scale consisted of 11 points
labeled from ‘certainly no electric stimulus’ (-5) through ‘uncertain’ (0) to ‘certainly
an electric stimulus’ (5). The scale and the participant’s rating were continuously
presented at the bottom of the computer screen in order to encourage
participants to focus their attention to the CSs. Participants were required to rate
the expectancy of an electric stimulus during the presentation of each slide by
shifting the cursor on the scale and push the left mouse button within 5 s following
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stimulus onset, that is, before administration of the startle probe. Once the slides
disappeared, the cursor automatically returned to the ‘uncertain’ position.
Blood Pressure. Blood pressure was measured using an electronic
sphygmomanometer (OMRON M4-I, Healthcare Europe BV, Hoofddorp, The
Netherlands) with a cuff applied around the right upper arm.
Saliva Sampling. The salivary enzyme α-amylase (sAA) is a reliable indicator of
noradrenergic activation (van Stegeren et al., 2006). Levels were assessed out of
unstimulated saliva samples obtained using regular cotton Salivette sampling
devices (Sarstedt, Nümbrecht, Germany) without chemical stimulants. Subjects
were instructed just to place the swab in their mouths for 3 min. After removal,
the Salivettes were stored at -25 °C. To facilitate salivary sampling, participants
were instructed to refrain from exercise, caffeine, and alcohol during the 12 hr
before each session. Also, they were instructed to abstain from brushing their
teeth for 1 hr and avoid food intake, drinking any beverages other than water, and
smoking for 2 hr before each session. Upon completion of the study, the samples
were sent to Groningen for biochemical analysis (Universitair Medisch Centrum,
Groningen, The Netherlands).
Pharmacological Treatment. In order to reach peak plasma levels upon
completion of the acquisition phase (Tmax < 1; Grasing et al., 1996), participants
received double-blind an oral dose of either 20 mg of yohimbine HCl or placebo pill
30 min prior to acquisition. The dose of 20 mg of yohimbine HCl was based on
previous findings showing successful increases in peripheral noradrenaline as well
as sAA level in healthy participants (O’Carroll et al., 1999; van Stegeren et al.,
2009). Yohimbine HCl (20 mg, Desma GmbH, Germany) and placebo (Albochin,
Pharmachemie, The Netherlands) capsules were identical in appearance and
blinded by a colleague independent of the study.
Subjective Assessments. State and trait anxiety were assessed with the State
and Trait Anxiety Inventory (STAI-S and STAI-T) (Spielberger et al., 1970). The
degree of spider fear was determined by the Spider Phobic Questionnaire (SPQ)
(Klorman et al., 1974). The Anxiety Sensitivity Index (ASI) (Peterson & Reiss, 1992)
was used to assess one’s tendency to respond fearfully to anxiety-related
symptoms. In addition, evaluation of the US was measured on an 11-point rating
scale ranging from -5 (unpleasant) to 5 (pleasant).
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Experimental Procedure
Participants were subjected to a differential fear conditioning procedure
including several phases across two days separated by 48 hr. During each session,
participants sat behind a table with a computer monitor at a distance of 50 cm in a
sound-attenuated room. Each session began with a 1-min acclimation period
consisting of 70 dB broadband noise, which continued throughout the session as
background noise, followed by a habituation phase consisting of eight startle
probes to reduce initial startle reactivity. Characteristics of the CSs, trial order, ITIs,
and startle probes as well as instructions regarding US-expectancy measurement
during the extinction phase (day 3) were similar to acquisition (day 1). Assignment
of the slides as CS1+ and CS2- was counterbalanced across participants.
Acquisition. Details of the various study procedures were explained in full and
possible questions were answered. Participants were interviewed regarding their
health and any medical or psychiatric conditions that would contraindicate taking
a single dose of 20 mg of yohimbine HCl. In addition, blood pressure was
measured. Once a participant was medically cleared, written informed consent
was obtained and the ASI, SPQ, and STAI were administered. Furthermore, saliva
samples were collected. To this end, participants were instructed just to place the
swab in their mouths for 3 min.
After attachment of the startle, skin conductance and shock electrodes, the
intensity of the US was determined. Starting at an intensity of 1 mA, the level of a
2-ms aversive electric stimulus delivered to the wrist of the non-preferred hand
was gradually increased. The intensity of shock was individually set at a level
defined by the participant as ‘uncomfortable, but not painful’. To allow control
over the potential effects of yohimbine HCl on the fear potentiated startle
response (Davis et al., 1993), eight baseline startle probes (Noise Alone; NA) were
presented before pill intake. Afterward, participants were detached from the
experimental set-up and received double-blind an oral dose of either 20 mg of
yohimbine HCl or placebo pill. The administration of yohimbine HCl and placebo
pill was randomized across participant with the restriction that conditions were
matched on STAT-T, SPQ, and ASI scores as close as possible. In order to reach
peak plasma levels upon completion of the acquisition phase (Tmax < 1; Grasing et
al., 1996), a resting period of 30 min was inserted. Participants were offered
magazines to read. Prior to acquisition, participants were attached to the
experimental apparatus and informed regarding the US-expectancy measures.
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They were instructed to look carefully at both slides, as an electric stimulus would
follow one of the slides in most cases, while the other slide would never be
followed by the US. They were told to learn to predict whether an electric stimulus
would occur or not on basis of the two slides. Participants were required to rate
the expectancy of the electric stimulus during the presentation of each slide by
shifting a cursor on a continuous 11-point rating scale and push the left mouse
button within 5 s following stimulus onset, that is, before administration of the
startle probe.
In the acquisition phase, both the CS1 and the CS2 were presented 8 times for
8 s. The startle probe was presented 7 s after CS onset and was followed by the US
500 ms later. In order to delay the onset of within-session extinction, only 75 % of
the presentations of the CS1+ were reinforced (LaBar et al., 1998). In addition, 8
baseline startle probes were presented alone (Noise Alone; NA) during the
intertrial intervals (ITI). The ITIs varied between 15, 20, and 25 s with a mean of 20
s. Order of trial type and ITI were randomized within blocks.
Upon completion of the acquisition phase (i.e., approximately 60 min from
arrival at the experimental site), the STAI-S was filled out and blood pressure as
well as saliva samples were again collected. In addition, participants were asked to
evaluate the pleasantness of the US. Furthermore, they were explicitly instructed
to remember what they had learned during acquisition. These instructions were
included to enhance retention of the CS-US contingency on the following days
(Norrholm et al., 2006) and to prevent participants from erroneously expecting a
different contingency scheme during subsequent testing.
Extinction, Testing. In order to substantiate consolidation of the fear memory
(Dudai, 2004), a break of 48 hr was inserted after acquisition. Upon arriving at the
experimental site, blood pressure and saliva samples were collected. In addition,
the STAI-S was completed. Instructions regarding the CSs only revealed that the
same two pictures of spiders provided during acquisition would be presented.
Moreover, participants were again required to rate the expectancy of the electric
stimulus during the presentation of each slide. In the extinction phase, participants
were exposed to both the CS1- and CS2- for 16 times without the US. Furthermore,
16 startle probes were presented alone (NA) during ITI. To avoid a ceiling effect in
the return of fear in the placebo pill condition, participants received only one
unsignaled US subsequent to extinction learning as opposed to the traditional
procedure of three unsignaled shocks (Norrholm et al., 2006; Kindt et al., 2009;
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Soeter & Kindt, 2010). The time between the last extinction trial and the
reinstating US was 19 s. Following the unsignaled US, participants were again
presented with 8 CS1-, CS2- and NA trials (i.e., reinstatement testing). The time
between the reinstating US and reinstatement testing was 18 s. Next, reacquisition
took place. That is, participants were exposed to another 5 CS1+, CS2- and NA
trials. At the conclusion of the experiment, participants were asked to complete
the STAI-S and to judge the pleasantness of the US.
Statistical Analysis
Startle responses, electrodermal activity and US-expectancy ratings were
analyzed by means of a mixed analysis of variance for repeated measures (ANOVA)
with condition (yohimbine vs. placebo pill) as between-subjects factor and
stimulus (CS1 vs. CS2) and trial (i.e., stimulus presentation) as within-subjects
factors. Planned comparisons were performed for each condition separately. The
first two as well as the last two trials of each stimulus type (CS1 vs. CS2) were
averaged and compared over testing phases respectively. To determine the speed
of extinction learning, a 2 (condition: yohimbine vs. placebo pill) x 2 (stimulus: CS1
vs. CS2) x 8 (trials: averaging over each two consecutive extinction trials) mixed
ANOVA was performed. Missing data points were excluded from the analyses.
Significance was set at P < 0.05.

Results
The yohimbine and placebo pill condition did not differ in terms of reported
spider fear [t28 < 1.31], trait anxiety [t28 < 1], anxiety sensitivity [t28 < 1], and shock
intensity [t28 < 1.19] (see Table 5.1). Selected shock intensities ranged from 4 to 52
mA with a mean of 18.00 mA (SD = 10.50). We observed no differences between
conditions to the degree participants experienced the US [t28 < 1]. Moreover, no
differential effect of condition on the course of US evaluation was found [day 1 vs.
day 3; moment x condition, F1,28 < 1]. The yohimbine manipulation did also not
affect the reported state anxiety that was assessed before and after pill intake
[moment x condition, F1,28 < 1]. However, a significant difference on the course of
the reported state anxiety was observed between conditions [day 1 vs. day 3;
moment x condition, F1,28 = 4.24, P < 0.05, ηp2 = .13]. That is, the reported state
anxiety significantly decreased from 37.9 (SD = 8.6) to 34.3 (SD = 8.9) in the
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placebo pill condition [t14 = 2.79, P < 0.05, two-tailed], but remained stable in the
yohimbine treated group [t14 < 1].
Table 5.1. Mean values (SD) of the reported spider fear, trait anxiety, anxiety sensitivity,
shock intensity and US evaluation for the Placebo Pill and Yohimbine HCl group.

Placebo Pill

Yohimbine HCl

Spider Fear

9.40 (7.72)

6.40 (4.34)

Trait Anxiety

37.33 (8.55)

37.93 (8.59)

Anxiety Sensitivity

10.07 (3.60)

9.53 (4.88)

Shock (US) (mA)

20.27 (11.56)

15.73 (9.15)

US Evaluation

-2.93 (0.96)

-3.13 (1.13)

Manipulation Check Yohimbine HCl
Analysis of the effect of the yohimbine HCl manipulation on blood pressure
revealed the expected increase in both systolic and diastolic blood pressure in
comparison to placebo pill [day 1; moment x condition, F1,28 = 25.32, P < 0.001, ηp2
= .48, F1,28 = 9.53, P < 0.01, ηp2 = .25, respectively]. Further analysis showed that, in
the yohimbine condition, the systolic blood pressure significantly increased from
119.5 mmHg (SD = 10.9) to 129.9 mmHg (SD = 12.7) [t14 = -5.53, P < 0.001, twotailed] and the diastolic blood pressure from 73.5 mmHg (SD = 8.0) to 77.4 mmHg
(SD = 9.4) after pill intake [day 1; t14 = -2.18, P < 0.05, two-tailed]. The increase in
systolic as well as diastolic blood pressure by the yohimbine HCl manipulation did
not differ between the sexes (5 men, 10 women) [day 1; moment x gender, Fs1,13 <
1]. In the placebo pill condition, both the systolic and diastolic blood pressure
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significantly decreased from 127.7 mmHg (SD = 20.1) to 120.9 mmHg (SD = 12.8)
[day 1; t14 = 2.38, P < 0.05, two-tailed] and from 74.2 mmHg (SD = 8.5) to 69.5
mmHg (SD = 9.7) [day 1; t14 = 2.19, P < 0.05, two-tailed] after pill intake,
respectively. Additional analyses of the blood pressure before pill intake and upon
arriving at the experimental site 48 hr later revealed no differential effect of pill
administration on the course of both the systolic and diastolic blood pressure [day
1 vs. day 3; moment x condition, Fs1,28 < 1.17, respectively].
Analysis of the effect of yohimbine on sAA levels also demonstrated the
expected increase in amylase level in comparison to placebo pill [day 1; moment x
condition, F1,27 = 13.26, P = 0.001, ηp2 = .33]. Consistent with other studies (van
Stegeren et al., 2009), the amylase levels in the yohimbine condition significantly
increased from 73.1 U/ml (SD = 33.8) to 141.1 U/ml (SD = 89.3) [day 1; t13 = -4.17,
P = 0.001, two-tailed] after pill intake, whereas the sAA levels remained stable in
the placebo pill group [day 1; t14 < 1]. The increase in salivary alpha amylase by the
yohimbine HCl manipulation did also not differ between the sexes [day 1; moment
x gender, Fs1,12 < 1]. We further observed no differential effect of pill
administration on the salivary alpha amylase levels before pill intake and upon
arriving at the experimental site 48 hr later [day 1 vs. day 3; moment x condition,
F1,27 < 1].
Fear Potentiated Startle Response
Analysis of variance showed fear conditioning on day 1 by a significant
increase of the differential startle response (CS1 vs. CS2) during acquisition
[stimulus x trial, F1,28 = 75.47, P < 0.001, ηp2 = .73; Fig. 5.1]. We observed no
difference in fear learning between the placebo pill and yohimbine condition
[stimulus x trial x condition, F1,28 < 1], indicating that the pharmacological
manipulation did not directly enhance the memory of the fear association (i.e.,
encoding). Yohimbine did also not affect the startle response per se, as we found
no effects on habituation following pill administration [time x trial x condition, F7,19
< 1.04].
Contrary to our expectations, the administration of yohimbine HCl relative to
placebo pill did not result in the augmentation of the differential startle response
(CS1 vs. CS2) from the last acquisition trials to the first trials of extinction learning
[day 1 vs. day 3; stimulus x trial x condition, F1,28 < 2.01; Fig. 5.1]. However, in both
the placebo pill and yohimbine condition, the startle fear response (CS1 vs. CS2)
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remained stable 48 hr later [day 1 vs. day 3; stimulus x trial, F1,28 < 1], which may
indicate a ceiling effect in fear acquisition. Moreover, we observed no difference in
extinction learning between conditions [stimulus x trial x condition, F1,28 < 2.08].
That is, the extinction procedure yielded a significant decrease of the differential
startle response (CS1 vs. CS2) from the first two extinction trials to the last two
trials of extinction learning in the placebo pill as well as the yohimbine treated
group [stimulus x trial, F1,28 = 63.21, P < 0.001, ηp2 = .69]. On the other hand, a
significant difference in the speed of the extinction learning process was observed
between conditions [stimulus x trial x condition, F7,22 = 6.23, P < 0.001, ηp2 = .67].
Bonferroni-adjusted pairwise comparisons indeed showed that the differential
startle response (CS1 vs. CS2) only reached significance on the first trials of
extinction learning (trial 1-2) in the placebo pill group [p < 0.001; Fig. 5.1 A].
Conversely, the differential startle response (CS1 vs. CS2) remained significant up
to trial 11-12 of extinction learning in the yohimbine condition [all ps  0.001; Fig.
5.1 B], indicating that the α2-adrenergic drug strongly delayed the extinction
learning process.
Exposure to the reminder shock significantly increased the differential startle
response (CS1 vs. CS2) from the last trials of extinction learning to the first trials at
test in both the placebo pill and yohimbine condition [stimulus x trial, F1,14 = 12.39,
P < 0.01, ηp2 = .47; F1,14 = 26.42, P < 0.001, ηp2 = .65, respectively]. However, we
observed a superior reinstatement effect in the yohimbine treated group [stimulus
x trial x condition, F1,28 = 9.90, P < 0.01, ηp2 = .26; Fig. 5.1]. Consequently, a
significant difference in re-extinction learning was observed between conditions
[stimulus x trial x condition, F1,28 = 12.21, P < 0.01, ηp2 = .30]. Yet, in both the
yohimbine and placebo pill group, we observed a significant decrease of the startle
response (CS1 vs. CS2) from the first re-extinction trials to the last trials of reextinction learning [stimulus x trial, F1,14 = 34.42, P < 0.001, ηp2 = .71; stimulus x
trial, F1,14 = 30.18, P < 0.001, ηp2 = .68, respectively; Fig. 5.1].
The administration of yohimbine contrary to placebo pill also resulted in a
superior recovery of fear (CS1 vs. CS2) during the first trials of reacquisition
learning [stimulus x trial x condition, F1,27 = 6.55, P < 0.05, ηp2 = .20]. That is, we
observed a significant increase of the differential startle response from the last
trials of re-extinction learning to the first trials of reacquisition in the yohimbine
condition [F1,13 = 6.47, P < 0.05, ηp2 = .33; Fig. 5.1 B], but not in the placebo pill
group [F1,14 < 1; Fig. 5.1 A].
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Analysis of the startle response to noise alone (NA) unveiled no significant
differences between the yohimbine and placebo pill condition during acquisition
[main effect of pill, F1,28 < 2.69; Fig. 5.1], nor during extinction learning,
reinstatement testing and reacquisition [main effect of pill, Fs1,27 < 1].
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Fig. 5.1. Yohimbine HCl delays the process of extinction and generates a superior recovery
of fear (i.e., reinstatement, reacquisition). Mean startle potentiation to the feared stimulus
(CS1), the control stimulus (CS2) and noise alone (NA) trials during acquisition, extinction,
testing and reacquisition for the (A) Placebo Pill and (B) Yohimbine HCl Group. Error bars
represent SEM.

Skin Conductance Response
Overall analysis of electrodermal responding showed no fear conditioning on
day 1 [stimulus x trial, F1,28 < 1.61]. Therefore, only subjects showing successful
levels of fear acquisition (i.e., mean trial 7-8 CS1 > CS2) were included in the
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analyses. Eight subjects were eliminated. That is, five subjects from the placebo pill
condition and three subjects from the yohimbine HCl group.
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Fig. 5.2. Mean skin conductance responding to the feared stimulus (CS1) and the control
stimulus (CS2) during acquisition, extinction, testing and reacquisition for the (A) Placebo
Pill and (B) Yohimbine HCl Group. Error bars represent SEM.

Subsequent analysis of variance revealed a significant increase (CS1 vs. CS2) in
electrodermal activity during acquisition (day 1) [stimulus x trial, F1,20 = 15.67, P =
0.001, ηp2 = .44; stimulus x trial x condition, F1,20 < 1; Fig. 5.2]. Moreover, in both
the placebo pill and yohimbine condition, the differential skin conductance
response (CS1 vs. CS2) obtained during acquisition remained stable 48 hr later
[stimulus x trial x condition, F1,20 < 1].
The extinction procedure (day 3) yielded a significant decrease in
electrodermal responding (CS1 vs. CS2) from the first extinction trials to the last
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trials of extinction learning in the placebo pill as well as yohimbine HCl group
[stimulus x trial, F1,20 = 6.21, P < 0.05, ηp2 = .24; stimulus x trial x condition, F1,20 <
1.22; Fig. 5.2]. We further observed no difference in the course of the extinction
learning process between the placebo pill and yohimbine condition [stimulus x trial
x condition, F(7,14) < 1].
Reinstatement testing as well as reacquisition learning no longer resulted in a
(differential) return of fear in both conditions (CS1; CS1 vs. CS2) [main effect of
trial, Fs1,20 < 1; stimulus x trial, Fs1,20 < 1; stimulus x trial x condition, Fs1,20 < 2.19;
Fig. 5.2]. Note that analyses over the entire sample also revealed no differences
between the placebo pill and yohimbine HCl group [CS1 vs. CS2; stimulus x trial x
condition, Fs1,28 < 1.65].
US Expectancy Ratings
Analysis of the US expectancy data revealed a significant differential increase
(CS1 vs. CS2) in expectancy ratings during acquisition (day 1) [stimulus x trial, F1,28 =
270.47, P < 0.001, ηp2 = .91; stimulus x trial x condition, F1,28 < 1; Fig. 5.3]. In both
the placebo pill and yohimbine group, the expectancy ratings (CS1 vs. CS2)
significantly decreased from the last acquisition trials to the first extinction trials
48 hr later [stimulus x trial, F1,28 = 13.17, P = 0.001, ηp2 = .32; Fig. 5.3]. However, the
differential expectancy (CS1 vs. CS2) remained significant to the first trials of
extinction learning in the placebo pill [t14 = 6.85, P < .0001, two-tailed] as well as
the yohimbine condition [t14 = 9.71, P < .0001, two-tailed].
Analysis of variance showed extinction learning on day 3 by a significant
differential decrease in expectancy ratings from the first extinction trials to the last
trials of extinction learning [stimulus x trial, F1,28 = 58.23, P < 0.001, ηp2 = .68;
stimulus x trial x condition, F1,28 < 2.42; Fig. 5.3]. Moreover, we observed no
differences in the speed of the extinction learning process between the placebo
pill and yohimbine condition [stimulus x trial x condition, F7,22 < 1].
Analysis of the reinstatement effect showed a significant increase in
expectancy ratings from the last extinction trials to the first test trials following the
reminder shock in the placebo pill as well as yohimbine HCl group [stimulus x trial x
condition, F1,28 < 1; stimulus x trial, F1,28 = 5.82, P < 0.05, ηp2 = .17; Fig. 5.3]. In both
the conditions, the expectancy ratings (CS1 vs. CS2) again re-extinguished over the
course of reinstatement testing [stimulus x trial x condition, F1,28 < 1; stimulus x
trial, F1,28 = 14.66, P = 0.001, ηp2 = .34]. Furthermore, we observed a significant
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differential increase in expectancy ratings (CS1 vs. CS2) in the placebo pill and the
yohimbine condition during reacquisition [stimulus x trial x condition, F1,28 < 1;
stimulus x trial, F1,28 = 102.75, P < 0.001, ηp2 = .91].
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Fig. 5.3. Mean US expectancy ratings to the feared stimulus (CS1) and the control stimulus
(CS2) during acquisition, extinction, testing and reacquisition for the (A) Placebo Pill and (B)
Yohimbine HCl Group. Error bars represent SEM.

Discussion
The present findings demonstrate that stimulation of the noradrenergic
system during memory formation strengthened the emotional expression (i.e.,
startle fear response) of the associative fear memory 48 hr later. That is, the
administration of yohimbine HCl contrary to placebo pill extensively delayed the
process of extinction and generated a superior recovery of fear (i.e., reinstatement
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testing and reacquisition). The competition between the original excitatory fear
association and the newly formed inhibitory memory trace determines the
behavioral outcome of extinction learning. Given that yohimbine HCl was
administered during fear conditioning (i.e., 48 hr prior to fear extinction), the
noradrenergic manipulation apparently delayed the process of extinction by
strengthening the original excitatory fear association. Yet, the yohimbine HCl
manipulation did not directly augment the differential startle fear response 48 hr
after learning. This may be due to a ceiling effect in startle fear conditioning given
that the acquired fear response remained stable from acquisition to retention
testing in both the placebo pill and yohimbine HCl condition. Even though
administering pills prior to acquisition does not discard the possibility that the
memory-enhancing effects can be attributed to actions on encoding processes
(McGaugh & Roozendaal, 2009), the peak plasma concentrations were attained
after learning was completed. Together with evidence showing similar memoryenhancing effects by either pre or posttraining drug administration (McGaugh &
Roozendaal, 2009), the present findings suggest that the drug-induced
enhancement of the startle fear response was also due to influences on memory
consolidation.
Contrary to our expectations, the yohimbine HCl manipulation did not affect
the skin conductance responding. Perhaps the current measurement of
electrodermal activity was too insensitive to obtain any condition effect since we
had to exclude several participants to even observe fear acquisition. Alternatively,
the electrodermal conditioning may primarily reflect the more cognitive level of
contingency learning (Weike et al., 2007; Soeter & Kindt, 2010; but see Schultz &
Helmstetter, 2010), which may be less susceptible to the noradrenergic
manipulation. Germane to this argument is that yohimbine HCl did also not
interfere with the US expectancy ratings (i.e., declarative knowledge). Our
observation that the declarative memory remained untouched is at odd with
human studies showing memory-enhancing effects of noradrenaline on
emotionally arousing information (Southwick et al., 2002; Cahill & Alkire, 2003).
The discrepancy between findings could be explained by a number of
methodological differences, such as the nature and mode of learning (differential
fear conditioning vs. emotional stories or pictures). That is, the differential fear
conditioning paradigm (CS1 vs. CS2) as well as the measure of declarative memory
performance (concurrent expectancy ratings vs. delayed recall or recognition of
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pictures) may be too simple to observe any effects on declarative knowledge.
Clearly, concurrent expectancy ratings direct the attention towards the CS-US
relation, thereby affecting the very entity they are designed to measure (Baeyens
et al., 1990; Lovibond & Shanks, 2002). The time elapsed between learning and
retention testing (48 hr vs. 7 days) may also have been responsible for the
discrepancy between findings. The consolidation process is thought to require an
extended period to be completed (Dudai, 2004). The modulatory influence of
emotional arousal via the amygdala on the hippocampal dependent declarative
memory may therefore have been observed with time (e.g., 7 days), as the gradual
process of consolidation proceeds (Hamann, 2001). Overall, the present
constellation of findings again emphasizes the concept of multiple memory
systems (Squire, 2004), involving a distinction between declarative (i.e., US
expectancy ratings) and procedural (i.e., startle fear response) memory. The
selective augmentation of the startle fear response is in line with our previous
observations of a reduction in startle fear responding without affecting declarative
knowledge (Kindt et al., 2009; Soeter & Kindt, 2010).
The current findings complement the existing human emotional memory
literature by showing that increased noradrenaline release during or shortly after a
stressful event strengthens associative fear memory. Our data indicate that the
noradrenaline level in response to a stressor not necessarily intensifies the initial
emotional expression but may impair the later ‘unlearning’ of fear-related
behaviors. The excessive release of noradrenaline may further increase the
likelihood of relapse when re-exposed to the original stressor (i.e., reinstatement,
reacquisition). Several prospective studies of PTSD have shown that initial fear
responding in the aftermath of a traumatic event is very common and a poor
indicator of symptom development or PTSD diagnosis (e.g., Rothbaum et al., 1992,
Rothbaum & Foa, 1993; Riggs et al., 1995; Murray et al., 2002). In contrast, the
impairment of extinction learning determines the maintenance and consequently
the etiology of chronic PTSD. It may be hypothesized that the level of
noradrenaline during or shortly after a traumatic experience is a vulnerability
factor in the development of PTSD - even though this is not necessarily reflected in
immediate stronger fear symptoms. Indeed, abnormal noradrenergic functioning
has been related to intrusive memories in PTSD (Southwick et al., 1993). The
present findings further suggest that the level of noradrenaline in response to a
traumatic event may limit the beneficial outcomes of the current treatment of
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choice for PTSD (i.e., exposure therapy), which relies on extinction-based
mechanisms (Rothbaum & Foa, 2002; Rothbaum & Davis, 2003). Given that the βadrenergic receptor antagonist propranolol HCl selectively reduces memory
consolidation for emotionally arousing information, beta-blockers are currently
being evaluated as potential agents for secondary prevention of PTSD (Pitman et
al., 2002; Vaiva et al., 2003; LaBar & Cabeza, 2006; but see Stein et al., 2007).
However, since only a small proportion of individuals exposed to severe stressors
develop PTSD (Breslau, 2009), the ethics of this approach are still subject of some
debate. Recent findings demonstrate that disrupting reconsolidation results in a
persistent weakening of the emotional expression of an already-established fear
memory (Kindt et al., 2009; Soeter & Kindt, 2010). Yet, further research in humans
is required to examine whether strong associative fear memory also impedes the
disruption of reconsolidation just like extinction learning.
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Stimulation of the Noradrenergic
System during Memory Formation
Impairs Extinction Learning but not
the Disruption of Reconsolidation

This chapter is based on the article that is accepted as:
Soeter, M., & Kindt, M. Stimulation of the Noradrenergic System during
Memory Formation Impairs Extinction Learning but not the Disruption of
Reconsolidation. Neuropsychopharmacology.

Chapter 6

The noradrenergic system plays a critical role in the ‘consolidation’ of
emotional memory. If we are to target ‘reconsolidation’ in patients with anxiety
disorders, the noradrenergic strengthening of fear memory should not act as
boundary condition on reconsolidation. In Experiment I we addressed this issue
using a differential fear conditioning procedure allowing selective reactivation of
one of two fear associations. First, we strengthened fear memory by
administering a α2-adrenergic receptor antagonist (i.e., yohimbine HCl; doubleblind placebo-controlled) prior to acquisition. Next, the reconsolidation of one of
the fear associations was manipulated by administering a β-adrenergic receptor
antagonist (i.e., propranolol HCl) prior to its selective reactivation. In Experiment
II we administered propranolol HCl after reactivation of the memory in order to
discard the effect of the pharmacological manipulation on the memory retrieval
itself. The excessive release of noradrenaline during memory formation not only
delayed the process of extinction 48 hr later but also triggered broader fear
generalization. Yet, the β-adrenergic receptor blocker during reconsolidation
selectively ‘neutralized’ the fear-arousing aspects of the noradrenergicstrengthened memory and undermined the generalization of fear. We observed
a similar reduction in fear responding when propranolol HCl was administered
after reactivation of the memory. The present findings demonstrate the
involvement of noradrenergic modulation in the formation as well as
generalization of human fear memory. Given that the noradrenergic
strengthening of fear memory impaired extinction learning but not the
disruption of reconsolidation, our findings may further have implications for the
treatment of anxiety disorders.
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The process of reconsolidation, the protein-synthesis dependent restabilization
of a memory upon retrieval, enables the modification of memory representation
(Nader et al., 2000). We previously demonstrated that disrupting reconsolidation
by administering the β-adrenergic receptor antagonist propranolol HCl prior to
reactivation selectively ‘deleted’ the emotional expression of a fear memory in
humans (i.e., startle fear response) (Kindt et al., 2009; Soeter & Kindt, 2010,
2011a). Importantly, the fear-erasing effects following the pharmacological
manipulation were not restricted to the feared cue itself, but instead generalized
to category-related information (Soeter & Kindt, 2011a). Given that fear
generalization lies at the heart of many anxiety disorders (Lissek et al., 2008),
targeting the process of reconsolidation may provide a novel therapeutic strategy
in the treatment of (for instance) posttraumatic stress disorder. However, there
are a number of experimental conditions (i.e., boundary conditions) that may
prevent reconsolidation from occurring, such as the ‘reminder duration’ (Eisenberg
et al., 2003; Pedreira & Maldonado, 2003) and the ‘strength of training’ (Suzuki et
al., 2004; Wang et al., 2009). If we are to target reconsolidation in patients
suffering from posttraumatic stress disorder, the strength of the memory should
not act as a boundary condition on reconsolidation.
To date, a substantial body of evidence supports the noradrenergic
modulation in the formation of emotional memory (McGaugh & Roozendaal,
2009). Recently, we demonstrated that stimulation of the noradrenergic system
during memory formation strengthened the emotional expression of human
associative fear memory (Soeter & Kindt, 2011b). The excessive release of
noradrenaline during memory formation not only delayed the ‘process of
extinction’ 48 hr later but also generated a superior recovery of fear following reexposure to the original stressor. These findings suggest that noradrenaline may
play an important role in the etiology and maintenance of anxiety disorders.
However, the effect of noradrenaline on fear generalization (i.e., a main
characteristic of anxiety disorders) currently remains unknown. The generalization
of fear seems to be dependent on the strength of the memory as operationalized
by training intensity (Laxmi et al., 2003). Hence, an interesting question is whether
the noradrenaline-induced strengthening of associative fear memory also
promotes the generalization of fear responding. At the same time, the stimulation

143

Chapter 6

of the noradrenergic system during memory formation should not impair the
disruption of reconsolidation if we are to target reconsolidation clinically.
Here, we addressed these issues by using a differential fear conditioning
procedure allowing selective reactivation of one of two categorically distinct fear
associations sharing the same aversive outcome and a test of fear generalization.
Testing included different phases across three consecutive days each separated by
24 hr. During acquisition (day 1), two fear-relevant stimuli (CS1, CS2) were
repeatedly paired with an aversive electric stimulus (US), whereas a fear-irrelevant
stimulus was not (CS3) (Fig. 6.1). We employed fear-relevant stimuli because they
lead to a superior conditioning of aversive associations and are especially resistant
to extinction learning compared with fear-irrelevant cues (Mineka & Öhman, 2002;
Lang et al., 2005). Moreover, given that most anxiety disorders are associated with
these categories of stimuli, we are specifically interested in targeting stronger fear
memory. One of the fear-relevant stimuli (CS2) served as control for the other
fear-relevant stimulus (CS1). However, since fear-relevant stimuli are known to
have an innate prepotency to elicit fear responses (Lovibond et al., 1994), we
employed an additional fear-irrelevant control cue (CS3) to verify whether the
procedure was capable of neutralizing the acquired fear responding. In
Experiment I the formation of fear memory was manipulated by the systemic
administration of yohimbine HCl, a α2-adrenergic receptor antagonist which is
supposed to stimulate central noradrenergic activity (Charney et al., 1987; Peskind
et al., 1995). In order to reach peak plasma levels upon completion of the
acquisition phase (Tmax < 1) (Grasing et al., 1996), participants received doubleblind an oral dose of either 20 mg of yohimbine HCl or placebo pill 30 min prior to
fear learning. Conversely, all of the participants received single-blind an oral dose
of 40 mg of propranolol HCl, a β-adrenergic receptor antagonist known to disrupt
reconsolidation (e.g., Dębiec & LeDoux, 2004; Kindt et al., 2009), 90 min prior to
selective reactivation of the CS1 memory (day 2). Given that administering pills
prior to reactivation does not discard the effect of the pharmacological
manipulation on the retrieval of the fear memory itself, the participants in
Experiment II received single-blind an oral dose of propranolol HCl subsequent to
memory reactivation. Memory retention was tested 24 hr later (day 3), followed
by an extinction procedure, reminder shock and a test of fear generalization.
Expression of fear was measured using startle fear potentiation (Hamm & Weike,
2005). We obtained skin conductance responding and retrospective US expectancy
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ratings to assess the anticipation of threat (Weike et al., 2007). Moreover, salivary
alpha amylase and blood pressure levels were determined to ensure the drug
manipulations exerted its intended physiological effect (van Stegeren et al., 2006,
2009). We hypothesized that strengthening the fear memory by the yohimbine HCl
manipulation would 1) delay the extinction process and promote the
generalization of the non-reactivated CS2 fear association, and 2) act as a
boundary condition on the reconsolidation of the reactivated CS1 fear memory,
relative to placebo pill.

Materials and Methods
Participants
Forty undergraduate students (10 men, 30 women) from the University of
Amsterdam ranging in the age of 18 to 26 years (mean ± SD age, 20.7 ± 1.9 years)
participated in the study. All participants were assessed to be free from any
current or previous medical or psychiatric condition that would contraindicate
taking a single dose of yohimbine HCl (20 mg) and propranolol HCl (40 mg) (i.e.,
pregnancy; seizure disorder; respiratory disorder; cardiovascular disease; blood
pressure ≤ 90/60 or ≥ 140/90; diabetes; liver or kidney disorder; depression; or
psychosis). In order to eliminate individuals who might have difficulty with any
temporary symptoms induced by either drug manipulation, an additional exclusion
criterion contained a score ≥ 26 on the Anxiety Sensitivity Index (ASI) (Peterson &
Reiss, 1992). The participants in Experiment I were randomly assigned to one of
two conditions with the restriction that conditions were matched on Trait Anxiety
(STAI-T) (Spielberger et al., 1970), Spider Phobic Questionnaire (SPQ) (Klorman et
al., 1974), and ASI scores as close as possible (Table 6.1). Participants received
either partial course credits or were paid a small amount (€ 42,-) for their
participation in one of the experiments. The ethical committee of the University of
Amsterdam approved the study and informed consent was obtained from all
participants.
Apparatus and Materials
Stimuli. Two fear-relevant stimuli of different stimulus categories served as
+
CS s (i.e., spider - gun; IAPS numbers 1200 - 6210), whereas a fear-irrelevant
stimulus served as CS- (i.e., mug; IAPS number 7009) (Lang et al., 2005). The slides
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were 200 mm high and 270 mm wide and were presented in the middle of a black
screen on a 19-in computer monitor. The two fear-relevant stimuli (CS1+ and CS2+)
were followed by an US on 80 % of the stimulus presentations, while the other
slide (CS3-) was not. Assignment of the slides as CS1 and CS2 was counterbalanced
Table 6.1. Mean values (SD) of the reported spider fear, trait anxiety, anxiety sensitivity,
shock intensity and US evaluation for the Yohimbine HCl, Placebo Pill and the Propranolol
After Reactivation group.

Yohimbine HCl
Propranolol

Placebo Pill
Propranolol

Propranolol
After Reactivation

t Test

Spider Fear

4.6 (3.3)

6.3 (5.3)

4.2 (4.5)

ts28 < 1.04

Trait Anxiety

37.5 (8.0)

36.3 (7.9)

32.0 (10.1)

ts28 < 1.53

Anxiety Sensitivity

9.2 (5.4)

8.5 (5.0)

7.8 (5.6)

ts28 < 1

Shock (US) (mA)

16.4 (6.9)

14.5 (4.7)

17.3 (5.6)

ts28 < 1.35

US Evaluation

-2.7 (1.0)

-2.8 (0.6)

-2.4 (0.9)

ts28 < 1

across participants. Category-related pictures matched on valence and arousal
(GpCS1, GpCS2, and GpCS3) (IAPS numbers 1201 - 6200 - 7035) as well as words
associatively linked to the original stimuli (GwCS1, GwCS2, and GwCS3) served as
generalization stimuli (Fig. 6.1). All stimuli were presented for 8 s. The startle
probe was presented 7 s after CS onset and was followed by the US (CS1 + and
CS2+) 500 ms later. An electric stimulus of 2 ms that was delivered to the wrist of
the non-preferred hand served as US. Delivery of the electric stimulus was
controlled by a Digitimer DS7A constant current stimulator (Hertfordshire, UK) via
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a pair of Ag electrodes of 20 by 25 mm with a fixed inter-electrode mid-distance of
45 mm. A conductive gel (Signa, Parker) was applied between the electrodes and
the skin.

CS1

CS2

CS3

GpCS1

GpCS2

GpCS3

GwCS1*

GwCS2*

GwCS3*

SPIN

PISTOOL

KOPJE

Fig. 6.1. CSs of the fear conditioning procedure and the generalization stimuli.
*English Translation: Spin - Spider; Pistool - Gun; Kopje - Mug.
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Fear Potentiated Startle. The conditioned fear response (CR) was measured
as potentiation of the eyeblink startle reflex to a loud noise by electromyography
(EMG) of the right orbicularis oculi muscle. Startle potentiation is considered a
reliable and specific index of fear (Hamm & Weike, 2005), directly connected with
and modulated by the amygdala (Davis, 2006). The loud noise (40 ms; 104 dB) was
administered during each CS presentation and during intertrial intervals (NA: Noise
Alone). Two 7 mm Ag/AgCl electrodes filled with electrolyte gel were positioned
approximately 1 cm under the pupil and 1 cm below the lateral canthus; a ground
reference was placed on the forehead (Blumenthal et al., 2005). All acoustic
stimuli were delivered binaurally through headphones (Model MD-4600; Compact
Disc Digital Audio, Monacor). The eyeblink EMG activity was measured using a
bundled pair of electrode wires connected to a front-end amplifier with an input
resistance of 10 MΩ and a bandwidth of DC-1500 Hz. To remove unwanted
interference, a notch filter was set at 50 Hz. Integration was handled by a trueRMS converter (contour follower) with a time constant of 25 msec. The integrated
EMG signal was sampled at 1000 Hz. Peak amplitudes were identified over the
period of 50 - 100 ms following probe onset.
Skin Conductance Response. Electrodermal activity (SCR) was measured using
an input device with a sine shaped excitation voltage (± .5 V) of 50 Hz, derived
from the mains frequency. The input device was connected to two Ag/AgCl
electrodes of 20 by 16 mm. The electrodes were attached 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).
Skin conductance responses elicited by the CS were determined by taking the
average baseline (i.e., 2 s before CS onset) to peak difference within the 1 to 7 s
window following stimulus onset. Although many studies examining skin
conductance reactivity have either used the first interval response (FIR) or second
interval response (SIR), the present scoring method allowed for the detection of
the maximal increase in skin conductance levels at any point during the 7 s
presentation. This method makes no assumptions about where a response is likely
to occur within the CS-US interval. This eliminates the risk of underestimating a
larger response when the onset or peak of the response occurs near a previously
established boundary between the FIR and SIR or when the latency of the peak
response shifts over trials (e.g., Orr et al., 2000; Milad et al., 2005; Pineles et al.,
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2009). A minimum response criterion of 0.02 micro Siemens (μS) was used. All
other responses were scored as zero and remained in the analyses (Effting & Kindt,
2007). The raw SCR scores were square root transformed to normalize
distributions.
Blood Pressure. Blood pressure was measured using an electronic
sphygmomanometer (OMRON M4-I, Healthcare Europe BV, Hoofddorp, The
Netherlands) with a cuff applied around the right upper arm.
Saliva Sampling. The salivary enzyme α-amylase (sAA) is a reliable indicator of
noradrenergic activation (van Stegeren et al., 2006). Levels were assessed out of
unstimulated saliva samples obtained using regular cotton Salivette sampling
devices (Sarstedt, Nümbrecht, Germany) without chemical stimulants. Subjects
were asked just to place the swab in their mouths for a 3 min period. After
removal, the salivettes were stored at -25 °C. To facilitate salivary sampling,
participants were instructed to refrain from exercise, caffeine, and alcohol during
the 12 hr before each session. Also, they were instructed to abstain from brushing
their teeth for 1 hr and avoid food intake, drinking any beverages other than
water, and smoking for 2 hr before each session. Upon completion of the study,
the samples were sent to Groningen for biochemical analysis (Universitair Medisch
Centrum, Groningen, The Netherlands).
Pharmacological Treatment. Yohimbine HCl (20 mg), Propranolol HCl (40 mg)
and placebo pills were prepared and blinded by the pharmacy (Huygens Apotheek,
Voorburg, the Netherlands).
Subjective Assessments. State and trait anxiety were assessed with the State
and Trait Anxiety Inventory (Spielberger et al., 1970). The degree of spider fear
was determined by using the Spider Phobic Questionnaire (Klorman et al., 1974).
The Anxiety Sensitivity Index (Peterson & Reiss, 1992) was used to assess one’s
tendency to respond fearfully to anxiety-related symptoms. Evaluation of the US
was measured on an 11-point rating scale ranging from -5 (unpleasant) to 5
(pleasant). In addition, expectancy of the US was measured retrospectively on a
continuous rating scale consisting of 11 points labeled from ‘certainly no electric
stimulus’ (-5) through ‘uncertain’ (0) to ‘certainly an electric stimulus’ (5).
Experimental Procedure
Participants were subjected to a differential fear conditioning procedure
including several phases across three subsequent days each separated by 24 hr.
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During each session, participants sat behind a table with a computer monitor at a
distance of 50 cm in a sound-attenuated room. Each session began with a 1-min
acclimation period consisting of 70 dB broadband noise, which continued
throughout the session as background noise, followed by a habituation phase
consisting of ten startle probes to reduce initial startle reactivity. Characteristics of
the CSs, trial order, ITIs, and startle probes during memory reactivation (day 2) and
extinction, testing (day 3) were similar to acquisition (day 1). Assignment of the
slides as CS1+ and CS2+ was counterbalanced across participants.
Acquisition. Details of the various study procedures were explained in full and
possible questions were answered. Participants were interviewed regarding their
health and any medical or psychiatric conditions that would contraindicate taking
a single dose of yohimbine HCl (20 mg) and propranolol HCl (40 mg). In addition,
blood pressure was measured. Once a participant was medically cleared, written
informed consent was obtained and the ASI, SPQ, and STAI were administered.
Furthermore, saliva samples were collected. To this end, participants were
instructed just to place the swab in their mouths for 3 min.
After attachment of the startle, skin conductance and shock electrodes, the
intensity of the US was determined. Starting at an intensity of 1 mA, the level of a
2-ms aversive electric stimulus delivered to the wrist of the non-preferred hand
was gradually increased. The intensity of shock was individually set at a level
defined by the participant as ‘uncomfortable, but not painful’ and remained set to
this intensity throughout the following days. To allow control over the potential
effects of yohimbine HCl on the fear potentiated startle response (Davis et al.,
1993), ten baseline startle probes (Noise Alone; NA) were presented before pill
intake. Afterward, participants were detached from the experimental set-up and
received double-blind an oral dose of either 20 mg of yohimbine HCl or placebo
pill. Administration of yohimbine HCl and placebo pill was randomized across
participant with the restriction that conditions were matched on STAT-T, SPQ, and
ASI scores as close as possible (Table 6.1). In order to reach peak plasma levels
upon completion of the acquisition phase (Tmax < 1) (Grasing et al., 1996), a resting
period of 30 min was inserted. Participants were offered magazines to read. Prior
to acquisition, participants were attached to the experimental apparatus and
informed regarding the CSs. They were instructed that two of the slides would be
followed by an electric stimulus in most of the cases, whereas the third slide would
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never be followed by the US. They were told to learn to predict whether an electric
stimulus would occur or not.
In the acquisition phase, the CS1+, CS2+ and CS3- were presented 5 times for 8
s. The startle probe was presented 7 s after CS onset and was followed by the US
500 ms later. In order to prevent that the reactivation trial on day 2 resulted in
extinction learning, the first presentation of both the CS1+ and CS2+ was
unreinforced (LaBar et al., 1998). In addition, 5 baseline startle probes were
presented alone (noise alone; NA). Order of trial type was randomized within
blocks (i.e., CS1+, CS2+, CS3-, and NA). Intertrial intervals (ITI) varied between 15,
20, and 25 s with a mean of 20 s.
The STAI-S was filled out both before and upon completion of the acquisition
phase. In addition, blood pressure as well as saliva samples were collected. At the
conclusion of the experiment, participants were asked to evaluate the
pleasantness of the US. Furthermore, they were explicitly instructed to remember
what they had learned during acquisition. These instructions were included to
enhance retention of the CS-US contingency on the following days (Norrholm et
al., 2006) and to prevent participants from erroneously expecting a different
contingency scheme during subsequent testing. The procedure in Experiment II,
Propranolol After Reactivation paralleled the above except for pill administration
and resting period.
Memory Reactivation. In order to substantiate consolidation of the fear
memory, a break of 24 hr after acquisition was inserted. In view of the peak
plasma concentration of propranolol HCl (Gilman & Goodman, 1996), participants
received an oral dose of 40 mg of propranolol HCl 90 min prior to memory
reactivation (CS1-R). The STAI-S was filled out both before pill administration and
upon completion of the experiment. In addition, at these time points, blood
pressure and saliva samples were collected.
After electrode attachment, participants were told that the same three slides
would be presented and they were asked to remember what they had learned
during acquisition. In the memory reactivation phase, a single unreinforced CS1-R
was presented for 8 s, followed by a startle probe presented alone. The procedure
in Experiment II, Propranolol After Reactivation paralleled the above except for pill
administration which occurred following reactivation of the memory.
Extinction, Testing. Upon arriving at the experimental site, blood pressure
and saliva samples were again collected. In addition, the STAI-S was completed.
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Instructions regarding the CSs only revealed that the same three pictures provided
during acquisition would be presented. In the extinction phase, participants were
exposed to the CS1-, CS2- and CS3- for 10 times without the US. Furthermore, 10
startle probes were presented alone (NA). To avoid a ceiling effect in the return of
fear in the placebo pill condition, participants received only one unsignaled US
subsequent to extinction learning as opposed to the traditional procedure of three
unsignaled shocks (Norrholm et al., 2006; Kindt et al., 2009; Soeter & Kindt, 2010).
The time between the last extinction trial and the reinstating US was 19 s.
Following the unsignaled US, participants were again presented with 1 CS1-, CS2-,
CS3- and NA trial (reinstatement testing). The time between the reinstating USs
and reinstatement testing was 18 s. Next, generalization testing took place. That is,
participants were exposed to the category-related pictures (GpCS1, GpCS2, and
GpCS3) and the category-related words (GwCS1, GwCS2, and GwCS3) (Fig. 6.1). The
order of generalization stimuli (i.e., pictures vs. words) was counterbalanced
across participants. At the conclusion of the experiment, participants completed
the STAI-S and judged the pleasantness of the US. In addition, participants were
asked to indicate for each phase (beginning vs. end) of the experiment to what
extent they had expected the US after each of the CSs. The procedure in
Experiment II, Propranolol After Reactivation paralleled the above.
Statistical Analysis
Startle responses, electrodermal activity and US expectancy ratings were
analyzed by means of a mixed analysis of variance (ANOVA) for repeated measures
with condition (i.e., yohimbine HCl vs. placebo pill) as between-subjects factor and
stimulus (i.e., simple contrasts: CS1 vs. CS3 and CS2 vs. CS3) and trial (i.e., stimulus
presentation) as within-subjects factors. The differential response (CS1 vs. CS3 and
CS2 vs. CS3) was compared over testing phases respectively (first trial vs. last trial).
To determine the speed of extinction learning, a 2 (condition: yohimbine HCl vs.
placebo pill) x 2 (stimulus: CS1 vs. CS3 and CS2 vs. CS3) x 5 (trials: averaging over
each two consecutive extinction trials) mixed ANOVA was performed. In order to
test whether the two conditioned stimuli (i.e., spider and gun) were equally
affected, we performed a 2 (trial: stimulus presentation) x 2 (stimulus: CS1 vs. CS3)
x 2 (stimulus category: spider vs. gun) mixed ANOVA. Planned comparisons
between the CS1 and CS2 stimuli were performed separately. Missing data points
were excluded from the analyses. Significance was set at P < .05.
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Results
Manipulation Check Drug Administration
Analysis of the effect of the yohimbine HCl manipulation on blood pressure
and sAA level during fear acquisition (day 1) revealed the expected increase in
both systolic and diastolic blood pressure [moment x condition, F1,28 = 26.58, P <
0.001, ηp2 = .49; F1,28 = 12.24, P < 0.01, η2 = .30, respectively] as well as salivary
alpha amylase (van Stegeren et al., 2009) [moment x condition, F1,23 = 6.50, P <
0.05, ηp2 = .22] in comparison to placebo pill (Table 6.2). The yohimbine HCl
manipulation did not affect the reported state anxiety that was assessed before
and after pill intake [moment x condition, F1,28 < 1.45].
Table 6.2. Mean values (SD) of the systolic and diastolic blood pressure in mmHg and
amylase level in U/ml pre and post pill intake during fear acquisition for the Yohimbine HCl
and Placebo Pill condition.

Fear Acquisition

Pre Pill Intake

Post Pill Intake

t Test

Systolic BP

126.1 (SD = 10.1)

138.0 (SD = 11.9)

t14 = -4.84, P < 0.001

Diastolic BP

72.5 (SD = 6.3)

77.7 (SD = 8.3)

t14 = -2.72, P < 0.05

sAA Level

91.4 (SD = 127.1)

168.9 (SD = 233.9)

t11 = -2.36, P < 0.05

Systolic BP

125.3 (SD = 14.7)

120.8 (SD = 8.9)

t14 = 2.22, P < 0.05

Diastolic BP

73.0 (SD = 7.5)

70.3 (SD = 7.0)

t14 = 2.25, P < 0.05

sAA Level

103.1 (SD = 105.2)

75.7 (SD = 62.9)

t12 < 1

Yohimbine HCl

Yohimbine
Condition

Placebo Pill
Condition
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Table 6.3. Mean values (SD) of the systolic and diastolic blood pressure in mmHg and
amylase level in U/ml pre and post propranolol HCl administration during memory
reactivation for the Yohimbine HCl and Placebo Pill condition (i.e., Experiment I) and the
Propranolol After Reactivation group (i.e., Experiment II).

Memory Reactivation

Pre Pill Intake

Post Pill Intake

t Test

Systolic BP

130.3 (SD = 11.2)

113.3 (SD = 11.7)

t14 = 6.52, p < 0.001

Diastolic BP

75.0 (SD = 7.6)

67.8 (SD = 6.7)

t14 = 4.56, p < 0.001

sAA Level

193.0 (SD = 261.4)

32.1 (SD = 38.4)

t11 = 2.21, p < 0.05

Systolic BP

125.5 (SD = 9.2)

110.3 (SD = 7.8)

t14 = 7.53, p < 0.001

Diastolic BP

70.1 (SD = 5.6)

65.8 (SD = 5.5)

t14 = 4.72, p < 0.05

sAA Level

96.1 (SD = 105.6)

41.2 (SD = 38.0)

t11 = 2.32, p < 0.05

Systolic BP

121.3 (SD = 4.9)

107.1 (SD = 7.0)

t9 = 5.94, p < 0.001

Diastolic BP

73.2 (SD = 8.7)

67.8 (SD = 8.1)

t9 = 3.28, p < 0.05

56.9 (SD = 41.8)

30.1 (SD = 36.2)

t9 = 2.55, p < 0.05

Propranolol HCl

Yohimbine
Condition

Placebo Pill
Condition

Propranolol
After
Reactivation

sAA Level

The propranolol HCl manipulation during memory reactivation (day 2) did not
differentially affect the BP and sAA between condition [moment x condition, Fs1,28 <
1.92]. In both the yohimbine and placebo pill group, we observed a significant
decrease in systolic and diastolic BP [moment, F1,28 = 92.22, P < 0.001, ηp2 = .77; F1,28
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= 39.81, P < 0.001, ηp2 = .59, respectively] as well as amylase level (van Stegeren et
al., 2006) [moment, F1,22 = 7.95, P = 0.01, ηp2 = .27] following the propranolol HCl
administration, indicating that the pill manipulation exerted its intended
physiological effect.
Consistent with other studies (Grillon et al., 2004), the propranolol HCl
manipulation did not affect the reported state anxiety that was assessed before and
after pill intake [moment, F1,28 < 1; moment x condition, F1,28 < 1]. The decrease in
BP, sAA and reported state anxiety during memory reactivation (day 2) in
Experiment II, Propranolol After Reactivation, did not differ from both the
yohimbine HCl and placebo pill condition [moment x condition, Fs1,28 < 1.98] (Table
6.3).
Experiment I, Yohimbine HCl vs. Placebo Pill
Fear Potentiated Startle Response. Analysis of variance showed fear
conditioning on day 1 by a significant increase of the differential startle response
(i.e., simple contrasts: CS1 vs. CS3 CS2 vs. CS3) from trial 1 to trial 5 [stimulus x
trial, F1,28 = 21.73, P < 0.001, ηp2 = .44; F1,28 = 19.85, P < 0.001, ηp2 = .42,
respectively]. We observed no difference in responding to the first trial of
acquisition (CS1 vs. CS2 vs. CS3) [stimulus, F2,27 < 1] and fear responses to the
reinforced stimuli (CS1 vs. CS2) were equally acquired [stimulus x trial, F1,28 < 1; Fig.
6.2 A and B]. The administration of yohimbine HCl did not directly affect the fear
learning given that we observed no difference during acquisition between the two
conditions [stimulus x trial x condition, F1,28 < 2.09]. Yohimbine HCl did also not
affect the startle response per se as we found no effect on habituation before and
after pill administration [moment x trial x condition, F9,20 < 1.06].
The two groups (i.e., yohimbine HCl vs. placebo pill) expressed comparable
levels of differential startle potentiation (CS1-R vs. NA) during memory
reactivation (day 2) [stimulus x condition, F1,28 < 1]. The absence of a significant
change in startle fear responding (CS1 vs. NA) from the last trial of acquisition to
reactivation [stimulus x trial x condition, F1,28 < 1] further demonstrates that the
acquired fear memory was equally well consolidated.
In both the yohimbine HCl and placebo pill group, the administration of
propranolol HCl significantly decreased startle responses to the reactivated CS1
from the last trial of acquisition to the first extinction trial 48 hr later [CS1 vs. CS3;
stimulus x trial, F1,28 = 15.98, P < 0.001, ηp2 = .36], irrespective of the reactivated
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stimulus (i.e., spider vs. gun) [stimulus x trial x category, F1,26 < 1.16]. We even no
longer observed differential startle responding to the reactivated CS1 on the first
trial of extinction learning [CS1 vs. CS3; ts14 < 1.25; Fig. 6.2 A and B], indicating that
the yohimbine manipulation did not act as a boundary condition on
reconsolidation. Conversely, startle responses to the non-reactivated CS2
remained stable from acquisition to extinction learning 48 hr later in the
yohimbine as well as placebo pill condition [CS2 vs. CS3; stimulus x trial, F1,28 <
1.12].
Given that responses to the reactivated CS1 were already eliminated, we
observed no differential change in startle responses (CS1 vs. CS3) over the course
of extinction learning in both the yohimbine and placebo pill group [trial 1 vs. trial
10; stimulus x trial, F1,28 < 1]. In contrast, startle responses to the non-reactivated
CS2 significantly decreased from the first extinction trial to the last trial of
extinction learning in the yohimbine as well as placebo pill condition [CS2 vs. CS3;
stimulus x trial, F1,28 = 53.52, P < 0.001, ηp2 = .66; stimulus x trial x condition, F1,28 <
1]. However, we observed a significant difference in the speed of the extinction
learning process between the two groups [CS2 vs. CS3 and CS1 vs. CS2; stimulus x
trial x condition, F1,28 = 21.49, P < 0.001, ηp2 = .43; F1,28 = 23,41, P < 0.001, ηp2 = .46,
respectively], irrespective of the non-reactivated stimulus (i.e., spider vs. gun)
[stimulus x trial x condition x category, Fs1,26 < 1]. Bonferroni-adjusted pairwise
comparisons indeed showed that the differential startle response (CS2 vs. CS3)
only reached significance on the first trials of extinction learning (trial 1-2) in the
placebo pill condition [P < 0.001; Fig. 6.2 A]. Conversely, the differential startle
response (CS2 vs. CS3) remained significant up to trial 5-6 of extinction learning in
the yohimbine HCl group [all Ps < 0.001; Fig. 6.2 B], indicating that the α2adrenergic drug strongly delayed the extinction learning process (Soeter & Kindt,
2011b).
Contrary to our expectations, the administration of yohimbine HCl relative to
placebo pill did not result in a superior recovery of fear to the non-reactivated CS2
following the reminder shock [CS2 vs. CS3; stimulus x trial x condition, F1,28 < 1].
However, in both the yohimbine and placebo pill condition, the differential startle
response to the non-reactivated CS2 significantly increased from the last trial of
extinction to the first trial at test [stimulus x trial, F1,28 = 26.56, P < 0.001, ηp2 = .49;
Fig. 6.2 A and B]. The similar recovery in the two conditions may be due to a
ceiling effect in the return of fear in the placebo pill group given that the startle
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Fig. 6.2. Mean startle potentiation to the fear conditioned stimuli (CS1, CS2), the control
stimulus (CS3) and noise alone (NA) trials during acquisition, memory reactivation,
extinction, testing and generalization for the (A) Placebo Pill - Propranolol HCl and (B)
Yohimbine HCl - Propranolol HCl condition (i.e., Experiment I) and the (C) Propranolol HCl
After Reactivation group (i.e., Experiment II). Error bars represent SEM.
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fear response remained stable from the last trial of acquisition to reinstatement
testing [CS2 vs. CS3; stimulus x trial, F1,14 < 1]. Most importantly, the reminder
shock following extinction learning did not unveil a recovery of fear to the
reactivated CS1 in the yohimbine as well as placebo pill condition [CS1 vs. CS3;
stimulus x trial, F1,28 < 1.24; CS1 vs. CS3; stimulus x trial, F1,28 = 36.88, P < 0.001, ηp2
= .57].
We observed a significant generalization of fear to the category-related
picture of the non-reactivated CS2 in both the yohimbine and placebo pill group
[GpCS2 vs. GpCS3 and GpCS1 vs. GpCS2; main effect of stimulus, F1,28 = 31.29, P <
0.001, ηp2 = .53; main effect of stimulus, F1,28 = 25.55, p < 0.001, ηp2 = .48,
respectively]. Conversely, the category-related picture of the reactivated CS1 did
not reveal any fear response in the yohimbine and placebo pill condition [GpCS1 vs.
GpCS3; main effect of stimulus, F1,28 < 1.16; Fig. 6.2 A and B]. Notably, a significant
difference in fear generalization for the word cue of the non-reactivated CS2 was
observed between the two groups [GwCS2 vs. GwCS3 and GwCS1 vs. GwCS2;
stimulus x condition, F1,28 = 4.51, P < 0.05, ηp2 = .14; stimulus x condition, F1,28 =
7.21, P < 0.05, ηp2 = .21, respectively]. That is, we observed a significant
generalization of the startle fear response to the word cue of the non-reactivated
CS2 in the yohimbine condition [GwCS2 vs. GwCS3 and GwCS1 vs. GwCS2; stimulus,
F1,14 = 22.59, P < 0.001, ηp2 = .62; stimulus, F1,14 = 46.86, P < 0.001, ηp2 = .77,
respectively], but not in the placebo pill group [stimulus, Fs1,14 < 3.19], indicating
that the yohimbine HCl manipulation promoted fear generalization to the more
abstract word stimulus. The word cue of the reactivated CS1 did not uncover any
fear response in both the yohimbine and placebo pill condition [GwCS1 vs. GwCS3;
stimulus, F1,28 < 1]. Analysis of the startle response to noise alone showed no
significant differences between the two conditions during acquisition and
extinction learning [condition, Fs1,28 < 2.85], nor during memory reactivation,
reinstatement testing and generalization [ts28 < 1.47].
Skin conductance Response. Overall analysis of electrodermal responding
revealed no fear conditioning during acquisition (CS1 vs. CS3, CS2 vs. CS3)
[stimulus x trial, Fs1,28 < 1]. When fear responses are not successfully acquired, one
cannot assess the return of fear. Therefore, only subjects showing successful levels
of fear acquisition (i.e., trial 5 CS1 or CS2 > CS3) were included in the analyses. Five
subjects were eliminated. That is, two subjects from the yohimbine condition and
three subjects from the placebo pill group.
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Fig. 6.3. Mean skin conductance responding to the CS1, CS2 and CS3 trials during
acquisition, memory reactivation, extinction, testing and generalization for the (A) Placebo
Pill - Propranolol HCl and (B) Yohimbine HCl - Propranolol HCl condition (i.e., Experiment I)
and the (C) Propranolol HCl After Reactivation group (i.e., Experiment II). Error bars
represent SEM.
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Subsequent analyses of variance showed no effects of the yohimbine HCl and
propranolol HCl manipulation on skin conductance responding (CS1 vs. CS3, CS2 vs.
CS3) [stimulus x trial x condition, Fs1,23 < 1]. In both the yohimbine and placebo pill
group, we observed a significant increase in electrodermal activity during
acquisition [CS1 vs. CS3, CS2 vs. CS3; stimulus x trial, F1,23 = 11.51, P < 0.01, ηp2 =
.33; F1,23 = 7.53, P < 0.05, ηp2 = .25, respectively; Fig. 6.3 A and B], a significant
decrease in electrodermal responding during extinction learning [CS1 vs. CS3, CS2
vs. CS3; stimulus x trial, F1,23 = 11.83, P < 0.01, ηp2 = .34; F1,23 = 11.03, P < 0.01, ηp2 =
.32, respectively], a significant reinstatement effect [CS1 vs. CS3, CS2 vs. CS3;
stimulus x trial, F1,23 = 4.77, P < 0.05, ηp2 = .17; F1,23 = 4.35, P < 0.05, ηp2 = .16,
respectively], and a generalization of the skin conductance response to the
category-related picture [GpCS1 vs. GpCS3, GpCS2 vs. GpCS3; main effect of
stimulus, F1,23 = 5.31, P < 0.05, ηp2 = .19; F1,23 = 4.81, P < 0.05, ηp2 = .17, respectively]
as well as word cue [GwCS1 vs. GwCS3, GwCS2 vs. GwCS3; main effect of stimulus,
F1,23 = 5.08, P < 0.05, ηp2 = .17; F1,23 = 5.56, P < 0.05, ηp2 = .20, respectively]. Further
note that analyses of variance for the entire sample did also not reveal any
differences between the yohimbine and placebo pill condition [CS1 vs. CS3, CS2 vs.
CS3; stimulus x trial x condition, Fs1,28 < 1.07].
Retrospective US Expectancy Ratings. The analyses of variance revealed no
effects of either drug manipulation on retrospective US expectancy (CS1 vs. CS3,
CS2 vs. CS3) [stimulus x trial x condition, Fs1,28 < 1.56]. In both the yohimbine and
placebo pill condition, we observed a significant increase in expectancy ratings
during acquisition [CS1 vs. CS3, CS2 vs. CS3; stimulus x trial, F1,28 = 405.18, P <
0.001, ηp2= .94; F1,28 = 547.74, P < 0.001, ηp2= .95, respectively; Fig. 6.4 A and B], a
differential decrease in US expectancy during extinction learning [CS1 vs. CS3, CS2
vs. CS3; stimulus x trial, F1,28 = 208.45, P < 0.001, ηp2= .88; F1,28 = 165.67, P < 0.001,
ηp2 = .86, respectively], a significant reinstatement effect [CS1 vs. CS3, CS2 vs. CS3,
stimulus x trial, F1,28 = 107.67, P < 0.001, ηp2 = .79; F1,28 = 89.90, P < 0.001, ηp2 = .76,
respectively], and a generalization of the expectancy ratings to the categoryrelated picture [GpCS1 vs. GpCS3, GpCS2 vs. GpCS3; main effect of stimulus, F1,28 =
142.73, P < 0.001, ηp2 = .84; F1,28 = 137.87, P < 0.001, ηp2 = .83, respectively] as well
as word cue [GwCS1 vs. GwCS3, GwCS2 vs. GwCS3; main effect of stimulus, F1,28 =
138.07, P < 0.001, ηp2 = .83; F1,28 = 140.63, P < 0.001, ηp2 = .83, respectively].
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Fig. 6.4. Mean retrospective US expectancy scores of the unconditioned stimulus (US) to
the CS1, CS2 and CS3 trials during acquisition, memory reactivation, extinction, testing and
generalization for the (A) Placebo Pill - Propranolol HCl and (B) Yohimbine HCl - Propranolol
HCl condition (i.e., Experiment I) and the (C) Propranolol HCl After Reactivation group (i.e.,
Experiment II). Error bars represent SEM.
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Experiment II, Propranolol After Reactivation
Fear Potentiated Startle Response. To discard the effect of the propranolol
HCl manipulation on the retrieval of the fear memory itself, participants in
Experiment II received an oral dose of propranolol HCl directly after reactivation.
Analysis of variance showed fear learning on day 1 by a significant increase of the
differential startle fear response (i.e., simple contrasts, CS1 vs. CS3, CS2 vs. CS3)
from trial 1 to trial 5 [stimulus x trial, F1,9 = 5.25, P < 0.05, ηp2 = .37; F1,9 = 12.10, P <
0.01, ηp2 = .57, respectively]. We observed no difference in responding to the first
trial of acquisition (CS1 vs. CS2 vs. CS3) [stimulus, F2,8 < 1] and fear responses to
the reinforced CS1 and CS2 were equally acquired [stimulus x trial, F1,9 < 1; Fig. 6.2
C]. The startle fear response obtained during acquisition remained stable 24 hr
later, that is, from the last trial of acquisition to memory reactivation [CS1 vs. NA;
stimulus x trial, F1,9 < 1].
However, the administration of propranolol HCl after reactivation significantly
decreased startle fear responses to the reactivated CS1 from the last acquisition
trial to the first extinction trial 48 hr later [CS1 vs. CS3; stimulus x trial, F1,9 = 12.11,
P < 0.01, ηp2 = .57; Fig. 6.2 C], irrespective of the reactivated stimulus (i.e., spider
vs. gun) [stimulus x trial x category, F1,8 < 1]. In fact, the fear response was not only
reduced but even eliminated as we no longer observed a differential startle
response to the first trial of extinction learning [CS1 vs. CS3; t9 < 1.02]. Conversely,
startle responses to the non-reactivated CS2 remained stable from acquisition to
extinction 48 hr later [CS2 vs. CS3; stimulus x trial, F1,9 < 1].
Given that responses to the reactivated CS1 were already eliminated (day 3),
we observed no differential change in startle responses (CS1 vs. CS3) over the
course of extinction learning [trial 1 vs. trial 10; stimulus x trial, F1,9 < 2.93; Fig. 6.2
C]. In contrast, startle responses to the non-reactivated CS2 significantly decreased
from the first extinction trial to the last trial of extinction learning [CS2 vs. CS3;
stimulus x trial, F1,9 = 25.74, P = 0.001, ηp2 = .74].
The reminder shock following extinction learning (day 3) did not uncover any
fear response to the reactivated CS1 [CS1 vs. CS3; stimulus x trial, F1,9 < 1], whereas
a recovery of fear to the non-reactivated CS2 was observed from the last trial of
extinction to the first trial at test [CS2 vs. CS3, stimulus x trial, F1,9 = 10.15, P < 0.05,
ηp2 = .53; Fig. 6.2 C]. Indeed, we observed a significant reinstatement effect to the
non-reactivated CS2 as compared to the reactivated CS1 [stimulus x trial, F1,9 =
7.16, P < 0.05, ηp2 = .44].
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In contrast to the category-related picture cue of the reactivated CS1 [GpCS1
vs. GpCS3; stimulus, F1,9 < 1; Fig. 6.2 C], we observed a significant generalization of
fear to the picture cue of the non-reactivated CS2 [GpCS2 vs. GpCS3 and GpCS1 vs.
GpCS2; main effect of stimulus, F1,9 = 15.90, P < 0.01, ηp2 = .64; stimulus, F1,9 =
11.32, p < 0.01, ηp2 = .56, respectively]. Conversely, the category-related word cue
of both the reactivated CS1 and non-reactivated CS2 failed to uncover any startle
fear generalization [GwCS1 vs. GwCS3 and GwCS2 vs. GwCS3; Fs1,9 < 1].
Skin Conductance Response. Overall analysis of electrodermal responding
revealed no fear acquisition (CS1 vs. CS3, CS2 vs. CS3) [stimulus x trial, Fs1,9 < 2.23].
Therefore, only subjects showing successful levels of skin conductance
conditioning (i.e., trial 5 CS1 or CS2 > CS3) were included in the analyses. One
subject was eliminated.
Subsequent analyses of variance showed no effects of the propranolol HCl
after memory reactivation manipulation on electrodermal activity. We observed a
significant increase in electrodermal activity during acquisition [CS1 vs. CS3, CS2 vs.
CS3; stimulus x trial, F1,8 = 9.59, P < 0.05, ηp2 = .55; F1,8 = 6.66, P < 0.05, ηp2 = .45,
respectively; Fig. 6.3 C], a significant decrease in electrodermal responding during
extinction learning [CS1 vs. CS3, CS2 vs. CS3; stimulus x trial, F1,8 = 5.97, P < 0.05,
ηp2 = .43; F1,8 = 5.53, P < 0.05, ηp2 = .41, respectively], a main effect of trial following
the reminder shock [trial, F1,8 = 8.84, P < 0.05, ηp2 = .53], and a generalization of the
skin conductance response to the category-related picture [GpCS1 vs. GpCS3, GpCS2
vs. GpCS3; main effect of stimulus, F1,8 = 5.66, P < 0.05, ηp2 = .41; F1,8 = 8.59, P <
0.05, ηp2 = .52, respectively] as well as word cue [GwCS1 vs. GwCS3, GwCS2 vs.
GwCS3; main effect of stimulus, F1,8 = 5.63, P < 0.05, ηp2 = .41; F1,8 = 5.45, P < 0.05,
ηp2 = .41, respectively].
Retrospective US Expectancy Ratings. The administration of propranolol HCl
after memory reactivation did also not sort any effect on the retrospective US
expectancy ratings. We observed a significant increase in expectancy ratings
during acquisition [CS1 vs. CS3, CS2 vs. CS3; stimulus x trial, F1,9 = 331.36, P < 0.001,
ηp2 = .97; F1,9 = 325.45, P < 0.001, ηp2 = .97, respectively; Fig. 6.4 C], a differential
decrease in US expectancy during extinction learning [CS1 vs. CS3, CS2 vs. CS3;
stimulus x trial, F1,9 = 23.95, P = 0.001, ηp2 = .73; F1,9 = 32.64, P < 0.001, ηp2 = .78,
respectively], a significant reinstatement effect [CS1 vs. CS3, CS2 vs. CS3, stimulus
x trial, F1,9 = 45.00, P < 0.001, ηp2 = .83; F1,9 = 23.37, P = 0.001, ηp2 = .72,
respectively], and a generalization of the expectancy ratings to the category163
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related picture [GpCS1 vs. GpCS3, GpCS2 vs. GpCS3; main effect of stimulus, F1,9 =
33.44, P < 0.001, ηp2 = .79; F1,9 = 31.94, P < 0.001, ηp2 = .78, respectively] as well as
word cue [GwCS1 vs. GwCS3, GwCS2 vs. GwCS3; main effect of stimulus, F1,9 = 19.46,
P < 0.01, ηp2 = .68; F1,9 = 17.80, P < 0.01, ηp2 = .66, respectively].

Discussion
The present findings demonstrate that stimulation of the noradrenergic
system during memory formation delayed the process of fear extinction without
impairing the disruption of reconsolidation (i.e., startle fear response). The
competition between the original excitatory fear association and the newly formed
inhibitory memory trace determines the behavioral outcome of extinction learning
(Myers & Davis, 2002). Given that yohimbine HCl was administered during fear
acquisition - and not during fear extinction 48 hr later - the α2-adrenergic drug
apparently delayed the process of extinction by strengthening the original
excitatory fear association. Yet, the yohimbine HCl manipulation did not directly
augment the differential startle fear responding either 24 hr or 48 hr after fear
learning, which may be due to a ceiling effect in startle fear conditioning (i.e., day
1) (see also Soeter & Kindt, 2011b). That is, in both the placebo pill and yohimbine
HCl group, the fear responding obtained during acquisition (i.e., day 1) remained
stable during memory reactivation (i.e., day 2, reactivated fear association) as well
as retention testing 48 hr later (i.e., non-reactivated fear association). Note that
the -blocker (i.e., propranolol HCl) during memory retrieval may also have
suppressed a potential fear-enhancing effect of the yohimbine HCl manipulation
(i.e., day 2). In any case, whereas the α2-adrenergic drug delayed the process of
extinction learning and triggered broader fear generalization 48 hr later, the βadrenergic receptor blocker (i.e., propranolol HCl) during reconsolidation (i.e., day
2) selectively diminished the startle fear responding to the reactivated fear
association along with its category-related information (i.e., day 3). Moreover, we
observed a similar reduction in startle fear responding when the β-adrenergic
receptor antagonist was administered after reactivation of the memory (i.e.,
Experiment II), suggesting that the propranolol HCl manipulation prior to
reactivation also affected the processes mediating reconsolidation (i.e.,
Experiment I) (Nader et al., 2000). The present study employed stimuli of different
‘valence’ categories (i.e., fear-relevant vs. fear-irrelevant) to verify whether the
propranolol HCl manipulation was capable of neutralizing fear responding. That is,
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since fear-relevant stimuli are known to have an innate prepotency to elicit fear
responses (Lovibond et al., 1994), we employed a fear-irrelevant cue as an
additional control stimulus. The downside of this procedure is that the differential
responding observed during acquisition (i.e., day 1) may simply be due to the
emotional ‘valence’ of the stimuli employed (i.e., fear-relevant vs. fear-irrelevant)
rather than associative learning. Previously, we demonstrated in a fear
conditioning paradigm that fear-relevancy does not affect fear responding in the
absence of associative learning (i.e., first acquisition trial; Soeter & Kindt, 2011a).
Again, we did not observe any difference in fear responding to the first trial of
acquisition, indicating that the differential fear responding observed at the end of
fear conditioning (i.e., day 1) was due to associative learning instead of the
‘valence’ of the cues. Thus, taken together, given that we observed a similar level
of startle fear responding to the reactivated fear association and the fearirrelevant control stimulus at retention testing (i.e., day 3), the -adrenergic
receptor blocker during reconsolidation apparently ‘neutralized’ the fear-arousing
aspects of the ‘associative’ fear memory along with its category-related
information (i.e., generalization testing).
In line with our preceding studies, the α2-adrenergic (Soeter & Kindt, 2011b)
as well as β-adrenergic drug (Kindt et al., 2009; Soeter & Kindt, 2010, 2011a) did
not affect the skin conductance responding and retrospective US expectancy
ratings, emphasizing the concept of multiple memory systems (Squire, 2005;
Weike et al., 2005, 2007). Considering that ‘online ratings’ direct the attention
towards the CS-US relation (Baeyens et al., 1990; Lovibond & Shanks, 2002) and
skin conductance responding is highly sensitive to attentional processes (Filion et
al., 1991), the use of ‘online ratings’ may previously have interfered with the
measurement of electrodermal activity (Soeter & Kindt, 2010, 2011a, 2011b). The
current observation that the omission of ‘online ratings’ does not differentially
affect skin conductance responding corresponds to the view that electrodermal
activity may primarily reflect the more cognitive level of contingency learning
(Weike et al., 2007; but see Schultz & Helmstetter, 2010). It should be noted that
reconsolidation is not restricted to the emotional expression of fear memory (i.e.,
startle fear response). In principle, all memory systems should be subject to
disrupting reconsolidation given the appropriate situations (Lee, 2009). The
labilization of a memory appears to be crucially dependent upon the informational
value provided during retrieval (Lee, 2009; Sevenster et al., Unpublished Data).
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The partial reinforcement scheme during acquisition may therefore have
prevented the single unreinforced trial from memory updating at the propositional
level (see also Kindt et al., 2009; Soeter & Kindt, 2010, 2011a). Indeed, a recently
introduced behavioral approach targeting the reconsolidation of fear memory
demonstrated that multiple unreinforced presentations (i.e., extinction learning)
allowed for the updating of threat anticipation (i.e., electrodermal activity)
(Schiller et al., 2010; but see Soeter & Kindt, 2011a).
The generalization of fear has been demonstrated to be dependent on the
training-induced strength of the memory (Laxmi et al., 2003). Here, the
strengthening of the fear memory trace by the α2-adrenergic manipulation indeed
triggered broader fear generalization (i.e., category-related word cues).
Conversely, the β-adrenergic interference with reconsolidation left the memory
trace too weak to yield a generalized fear response (Soeter & Kindt, 2011a).
Several findings have implicated cAMP response element binding (CREB)
phosphorylation in the formation (Josselyn et al., 2001; Davies et al., 2004) as well
as generalization of fear memory (Han et al., 2008). Whereas yohimbine HCl is
known to induce pCREB activation (Sun et al., 2010), the β-adrenergic receptor
antagonist propranolol has been shown to inhibit noradrenaline-stimulated CREB
phosphorylation (Thonberg et al., 2002). The present findings show the
involvement of noradrenergic modulation in the generalization of human
associative fear memory. Corroborating our previous study, the findings further
demonstrate that the assimilation of individual memory items into a generalized
schema may be dissociable for semantic and affective knowledge (Soeter & Kindt,
2011a). That is, upon exposure to the category-related information of the
reactivated fear memory, the participants again predicted danger without a
concomitant fear response.
While fear responses are very common in the aftermath of a traumatic event,
the intensity of this initial fear responding is generally a poor indicator of symptom
development or PTSD diagnosis (Rothbaum et al., 1992; Brewin et al., 2000;
Murray et al., 2002). Rather, the impairment in the ‘unlearning’ of fear-related
behavior as well as the generalization of fear to intrinsically safe stimuli (DSM-IV-R,
American Psychiatric Association, 2000) has a strong relevance to the
development of anxiety disorders such as PTSD. Hence, our data indicate that the
noradrenaline level during or shortly after a traumatic experience may be a
determinant in the etiology of posttraumatic stress disorder. At the same time, the
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present findings may have valuable therapeutic implications given that the
strength of the fear memory did not act as a boundary condition on
reconsolidation. It may be possible that the stimulation of the noradrenergic
system during memory formation still rendered the memory trace too weak to
prevent reconsolidation from occurring (Suzuki et al., 2004; Wang et al., 2009). On
the other hand, the yohimbine HCl manipulation yielded a resistance to fear
extinction 48 hr later, indicating the former strengthening of the excitatory fear
memory (Myers & Davis, 2002; Soeter & Kindt, 2011b). Moreover, preliminary
evidence in trauma patients also revealed diminished trauma-relevant
physiological responding following the β-adrenergic interference with
reconsolidation (Brunet et al., 2008). The current observation that propranolol HCl
can well be administered after reactivation of the fear memory (i.e., Experiment II)
further has implications in light of the demarcation between extinction and
reconsolidation (Eisenberg et al., 2003; Pedreira & Maldonado, 2003; Suzuki et al.,
2004). That is, when memory retrieval initiates extinction learning instead of
reconsolidation, the propranolol HCl manipulation should be omitted in order to
avoid interference with the consolidation of extinction training (Ouyang & Thomas,
2005; Mueller et al., 2008)
The ‘process of extinction’ and ‘disrupting reconsolidation’ are two
approaches to diminish fear-related behavior. The extinction of fear not only
leaves the original fear memory intact - thereby explaining the return of fear after
apparently successful fear reduction (Bouton, 1993) - but may also be impaired by
noradrenergic stimulation during the formation of the excitatory fear memory.
Conversely, β-adrenergic receptor blockade during reconsolidation selectively
‘deletes’ the fear-arousing aspect of noradrenergic strengthened fear memory and
- on top of that - undermines the generalization of fear responding. Given that fear
generalization lies at the heart of many anxiety disorders, disrupting
reconsolidation points to a promising strategy in reducing excessive fear
responding.
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Disrupting Reconsolidation:
On the Verge of Clinical Application

This chapter is based on the article that is submitted as:
Soeter, M., & Kindt, M. Disrupting Reconsolidation Targets the Subjective
Feelings of Anxiety for an Imagined Threat Event.

Chapter 7

Even though ‘disrupting reconsolidation’ may point to a promising strategy
providing long-term cure for patients suffering from anxiety disorders, the fear
reducing effects are thus far only demonstrated for ‘freezing reactions’ in
rodents and ‘autonomic fear responding’ in humans. If ´disrupting
reconsolidation´ will be of value for clinical practice, it should also target the
subjective feelings of anxiety. Using an instructed fear learning paradigm in
humans, we here tested whether ‘disrupting reconsolidation’ would diminish the
subjective feelings of anxiety for a noxious event (i.e., ‘electric stimulus’) that
was anticipated but never actually experienced. Testing included different
phases across three consecutive days each separated by 24 hr. Reconsolidation
of the fear memory was manipulated by administering the β-adrenergic receptor
antagonist propranolol HCl after reactivation of the memory (n = 12); doubleblind placebo controlled (n = 12). Beta-adrenergic receptor blockade during
reconsolidation strongly diminished the behavioral expression of the instructed
fear memory (i.e., ‘startle fear responding’) as well as the subjective feelings of
anxiety 24 hr later, yet without affecting both the ‘physiological’ and ‘cognitive’
component of the anticipation of threat (i.e., ‘skin conductance responding’, ‘US
expectancy ratings’). Together, the present findings suggest that the various
memory expressions of a single learned fear association do not necessarily
undergo reconsolidation in harmony. Considering that patients with anxiety
disorders (1) often fear objects and situations that they have never actually
experienced, and (2) primarily suffer from the subjective feelings of anxiety, the
present findings may have important ramifications for psychotherapy.
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Recent insights into the neurobiological underpinnings of fear memory suggest
novel strategies to improve therapeutic interventions for anxiety disorders (Nader,
2003). Specifically, a substantial body of animal and human research now indicates
that a permanent reduction of fear may be realized through targeting the process
of ‘reconsolidation’ (e.g., Nader et al., 2000; Kindt et al., 2009). This proteinsynthesis dependent restabilization of a memory upon retrieval enables the
modification of the original fear memory representation through either
‘pharmacological’ (Nader et al., 2000; Kindt et al., 2009) or ‘behavioral’
manipulations (Monfils et al., 2009; Schiller et al., 2010). Even though disrupting
reconsolidation may thus point to a promising therapeutic tool providing longterm cure for patients suffering from anxiety disorders, the fear reducing effects
are thus far only demonstrated for the behavioral expression of fear memories
(e.g., freezing in rodents or autonomic fear responding in humans) (e.g., Nader et
al., 2000; Brunet et al., 2008; Kindt et al., 2009; Monfils et al., 2009; Schiller et al.,
2010; Soeter & Kindt, 2010, 2011). For the feasibility of reconsolidation in
psychotherapy, disrupting reconsolidation should also diminish the subjective
feelings of anxiety.
The phenomenon of ‘fear’ memory reconsolidation is traditionally
investigated for a learned ‘association’ between a visual or auditory stimulus (i.e.,
Conditioned Stimulus, CS) (e.g., ‘pictures’, ‘tones’) and a noxious event (i.e.,
Unconditioned Stimulus, US) (e.g., ‘electric stimulus’). Pavlovian fear conditioning
is in fact a valuable experimental model to test novel procedures for diminishing
acquired fears and anxiety. Using such a differential fear conditioning paradigm in
humans, we previously demonstrated that disrupting reconsolidation specifically
targeted the startle fear responding without affecting the subjective feelings of
distress (Soeter & Kindt, 2011). This finding that memories may undergo
reconsolidation at one level, while leaving other aspects of the fear memory
untouched, may be interpreted from a functional perspective on reconsolidation
(Lee, 2009). That is, reconsolidation may be viewed as a fundamental process in
the ongoing modification and storage of memories, which seems potentially
adaptive in terms of maintaining a memory’s relevance in guiding future behavior
(Dudai, 2006, 2009; Lee, 2009). Indeed, labilization and reconsolidation do not
necessarily occur when a memory is being reactivated, but only when there is
something to be learned (i.e., ‘informational value’) during memory retrieval
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(Pedreira et al., 2004; Forcato et al., 2009; Lee, 2009). A violation based upon prior
learning is supposed to be a necessary condition for reconsolidation, meaning that
the magnitude of the outcome or the outcome itself in not being fully predicted
(i.e., ‘prediction error’) (Pedreira et al., 2004; Forcato et al., 2009; Lee, 2009).
Traditional human fear conditioning paradigms seem not to be suitable for
targeting the subjective component of fear memory given that the repeated
pairing of the CS with the ‘experience’ of a relatively mild noxious event (e.g.,
‘electric stimulus’) makes the aversiveness of the outcome very ‘predictable’ (Lee,
2009; Soeter & Kindt, 2011). In general, humans tend to fear objects and situations
that either were so aversive that they fear the re-exposure or that they have never
really experienced (Rachman, 1977). We hypothesized that disrupting
reconsolidation may target the subjective feelings of anxiety when participants
fear something that they never actually experienced.
Here, we addressed this issue by using an instructed fear learning paradigm in
which the aversiveness of the US is imagined and thereby ‘unpredictable’ as the US
is anticipated but never really felt. Testing included different phases across three
consecutive days each separated by 24 hr. Prior to fear acquisition (day1), the
participants were instructed which out of two fear-relevant stimuli (CS1) would at
times be followed by a very unpleasant electric stimulus (US) delivered to the wrist
of the unpreferred hand (see Fig. 7.1). The US was never administered. After the
reactivation of the CS1 stimulus (day2), the participants received double blind an
oral dose of placebo pill or 40 mg of propranolol HCl, a β-adrenergic receptor
antagonist known to disrupt reconsolidation (Dębiec & LeDoux, 2004; Kindt et al.,
2009; Soeter & Kindt, 2010, 2011). The retention of the memory (CS1 vs. CS2) was
tested 24 hr later (day3). Given that a context switch offers a potent means to
trigger the original fear memory (Bouton, 2002), we presented renewal stimuli
(CS1R, CS2R) to assess the generalization of fear reduction across contexts. The fear
response was measured as potentiation of the eyeblink startle reflex to a loud
noise by electromyography of the right orbicularis oculi muscle. Startle
potentiation is considered a reliable and specific index of fear (Hamm & Weike,
2005), which is directly connected with and modulated by the amygdala (Davis,
2006). The subjective feelings of distress (i.e., anxiety, tension or nervousness)
were measured through online ratings during each stimulus presentation (Fig. 7.2).
We further obtained skin conductance responding and retrospective US expectancy
ratings to assess the physiological and subjective level of threat anticipation,
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respectively (Weike et al., 2007). Salivary alpha amylase and blood pressure levels
were determined to ensure the drug manipulation exerted its intended
physiological effect (van Stegeren et al., 2006). We hypothesized that targeting the
reconsolidation of the instructed fear memory would allow for the updating and
hence weakening of the behavioral expression of fear (i.e., startle fear responding)
as well as the subjective feelings of anxiety. In line with our previous findings (Kindt
et al., 2009; Soeter & Kindt, 2010, 2011), we did - on the other hand - not expect
any effects of the propranolol HCl manipulation on skin conductance
discrimination and the US expectancy ratings given that there was nothing to be
learned about the ‘contingency’ at the time of memory retrieval.

Materials and Methods
Participants
Twenty-four undergraduate students (3 men, 21 women) from the University
of Amsterdam ranging in the age of 18 to 30 years (mean ± SD age, 20.9 ± 3.5
years) participated in the study. All participants were assessed to be free from any
current or previous medical or psychiatric condition that would contraindicate
taking a single 40 mg dose of propranolol HCl (i.e., pregnancy - seizure disorder respiratory disorder - cardiovascular disease - blood pressure ≤ 90/60 - diabetes liver or kidney disorder - depression - psychosis). In order to eliminate individuals
who might have difficulty with any temporary symptoms induced by the
propranolol HCl manipulation, an additional exclusion criterion contained a score ≥
26 on the Anxiety Sensitivity Index (ASI) (Peterson & Reiss, 1992). The participants
were randomly assigned to one of two conditions with the restriction that
conditions were matched on Trait Anxiety (STAI-T) (Spielberger et al., 1970), Spider
Phobic Questionnaire (SPQ) (Klorman et al., 1974), and ASI scores as close as
possible (see Table 7.1). Participants received either partial course credits or were
paid a small amount (€ 35,-) for their participation in the experiment. The ethical
committee of the University of Amsterdam approved the study and informed
consent was obtained from all participants.
Apparatus and Materials
Stimuli. In order to strengthen the fear association during acquisition, two
fear relevant stimuli of different stimulus categories served as CSs (i.e., spider 177

Chapter 7
Table 7.1. Mean values (SD) of the reported spider fear, trait anxiety, and anxiety
sensitivity for the Propranolol HCl and Placebo Pill condition.
Propranolol HCl

Placebo Pill

t Test

Spider Fear

7.0 (6.6)

7.7 (6.8)

t22 < 1

Trait Anxiety

32.9 (5.9)

34.0 (8.8)

t22 < 1

Anxiety Sensitivity

9.6 (5.7)

10.2 (5.5)

t22 < 1

gun; IAPS numbers 1201 - 6200; see Fig. 7.1) (Lang et al., 2005). The slides were
200 mm high and 270 mm wide and were presented in the middle of a black
screen on a 19-in computer monitor. Assignment of the slides as CS1 and CS2 was
counterbalanced across participants. The renewal stimuli (CS1R and CS2R) (Fig. 7.1)
were comprised of the original stimuli with an alteration in background color. All
stimuli were presented for 8 s - the startle probe was presented 7 s after CS onset.
Fear Potentiated Startle. The conditioned fear response (CR) was measured
as potentiation of the eyeblink startle reflex to a loud noise by electromyography
(EMG) of the right orbicularis oculi muscle. The loud noise (40 ms; 104 dB) was
administered during each CS presentation and during intertrial intervals (NA: Noise
Alone). Two 7 mm Ag/AgCl electrodes filled with electrolyte gel were positioned
approximately 1 cm under the pupil and 1 cm below the lateral canthus; a ground
reference was placed on the forehead (Blumenthal et al., 2005). All acoustic
stimuli were delivered binaurally through headphones (Model MD-4600; Compact
Disc Digital Audio, Monacor). The eyeblink EMG activity was measured using a
bundled pair of electrode wires connected to a front-end amplifier with an input
resistance of 10 MΩ and a bandwidth of DC-1500 Hz. To remove unwanted
interference, a notch filter was set at 50 Hz. Integration was handled by a trueRMS converter (contour follower) with a time constant of 25 msec. The integrated
EMG signal was sampled at 1000 Hz. Peak amplitudes were identified over the
period of 50 - 100 ms following probe onset.
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CS1

CS2

CS1R

CS2R

Fig. 7.1. CSs of the fear conditioning procedure and the renewal stimuli.

Skin Conductance Response. Electrodermal activity (SCR) was measured using
an input device with a sine shaped excitation voltage (± .5 V) of 50 Hz, derived
from the mains frequency. The input device was connected to two Ag/AgCl
electrodes of 20 by 16 mm. The electrodes were attached 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).
Skin conductance responses elicited by the CS were determined by taking the
average baseline (i.e., 2 s before CS onset) to peak difference within the 1 to 7 s
window following stimulus onset. Although many studies examining skin
conductance reactivity have either used the first interval response (FIR) or second
interval response (SIR), the present scoring method allowed for the detection of
the maximal increase in skin conductance levels at any point during the 7 s
presentation. This method makes no assumptions about where a response is likely
to occur within the CS-US interval. This eliminates the risk of underestimating a
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larger response when the onset or peak of the response occurs near a previously
established boundary between the FIR and SIR or when the latency of the peak
response shifts over trials (Pineles et al., 2009). This approach has been used in
previous human psychophysiological research, which has supported its validity
(Orr et al., 2000; Milad et al., 2005; Pineles et al., 2009). A minimum response
criterion of 0.02 micro Siemens (μS) was used. All other responses were scored as
zero and remained in the analyses (Effting & Kindt, 2007). The raw SCR scores
were square root transformed to normalize distributions.
Subjective Distress Ratings. In order to focus the participants’ attention on
their bodily sensations of distress, a body chart was presented during CS
presentation. The subjective distress (i.e., anxiety, tension or nervousness) was
measured using a computer mouse on a visual analogue scale placed within reach
of the preferred hand. The scale consisted of a vertical colored bar with endpoints
‘not at all’ and ‘very’ (Fig. 7.2). The participants were required to rate their
subjective distress during each slide by shifting the cursor on the scale and push
the left mouse button within 5 s following stimulus onset (i.e., before presentation
of the startle probe).

Fig. 7.2. The online subjective distress ratings.
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Blood Pressure. Blood pressure was measured using an electronic
sphygmomanometer (OMRON M4-I, Healthcare Europe BV, Hoofddorp, The
Netherlands) with a cuff applied around the right upper arm.
Saliva Sampling. The salivary enzyme α-amylase (sAA) is a reliable indicator of
noradrenergic activation (van Stegeren et al., 2006). Levels were assessed out of
unstimulated saliva samples obtained using regular cotton Salivette sampling
devices (Sarstedt, Nümbrecht, Germany) without chemical stimulants. Subjects
were asked just to place the swab in their mouths for a 3 min period. After
removal, the salivettes were stored at -25 °C. To facilitate salivary sampling,
participants were instructed to refrain from exercise, caffeine, and alcohol during
the 12 hr before each session. Also, they were instructed to abstain from brushing
their teeth for 1 hr and avoid food intake, drinking any beverages other than
water, and smoking for 2 hr before each session. Upon completion of the study,
the samples were sent to Groningen for biochemical analysis (Universitair Medisch
Centrum, Groningen, The Netherlands).
Pharmacological Treatment. Propranolol HCl (40 mg) and placebo pills were
prepared and blinded by the pharmacy (Huygens Apotheek, Voorburg, the
Netherlands).
Subjective Assessments. State and trait anxiety were assessed with the State
and Trait Anxiety Inventory (STAI-S and STAI-T) (Spielberger et al., 1970). The
degree of spider fear was determined by the Spider Phobic Questionnaire (SPQ)
(Klorman et al., 1974). The Anxiety Sensitivity Index (ASI) (Peterson & Reiss, 1992)
was used to assess one’s tendency to respond fearfully to anxiety-related
symptoms. In addition, the expectancy of the US was measured retrospectively on
a continuous rating scale consisting of 11 points labeled from ‘certainly no electric
stimulus’ (-5) through ‘uncertain’ (0) to ‘certainly an electric stimulus’ (5).
Experimental Procedure
Participants were subjected to an instructed differential fear conditioning
procedure including several phases across three subsequent days each separated
by 24 hr. During each session, participants sat behind a table with a computer
monitor at a distance of 50 cm in a sound-attenuated room. Each session began
with a 1-min acclimation period consisting of 70 dB broadband noise, which
continued throughout the session as background noise, followed by a habituation
phase consisting of ten startle probes to reduce initial startle reactivity.
181

Chapter 7

Characteristics of the CSs, trial order, ITIs, and startle probes as well as the
instructions regarding the subjective distress ratings during memory reactivation
(i.e., day 2) and extinction, test (i.e., day 3) were similar to acquisition (i.e., day 1).
Assignment of the slides as CS1 and CS2 was counterbalanced across participants.
Acquisition. Details of the various study procedures were explained in full and
possible questions were answered. The participants were interviewed regarding
their health and any medical or psychiatric conditions that would contraindicate
taking a single 40 mg dose of propranolol HCl. In addition, blood pressure was
measured. Once a participant was medically cleared, written informed consent
was obtained and the ASI, SPQ, and STAI were administered. Furthermore, saliva
samples were collected. To this end, participants were instructed just to place the
swab in their mouths for 3 min.
In order to obtain a baseline measurement of both physiological and
subjective responding, the shock electrodes remained detached during the first
part of the acquisition phase. Subsequent to the attachment of the startle and skin
conductance electrodes, the participants were informed regarding the CSs. They
were told that one picture of a spider and one picture of a gun would be presented
on the computer screen and that no shocks could be delivered yet. Moreover, they
were instructed to focus their attention during each CS presentation on their
bodily sensations and to subsequently rate their level of distress (i.e., anxiety,
tension or nervousness) by shifting a cursor on a colored bar and push the left
mouse button within 5 s following stimulus onset. The CS1 and CS2 as well as the
NA (i.e., baseline startle probe) were presented only once during this initial part of
the acquisition phase.
Prior to the actual fear learning, the shock electrodes were attached and the
electric stimulus was described as causing a brief and localized but very unpleasant
sensation (Grillon & Davis, 1997). Furthermore, the participants were now
instructed that the electric shock would follow the spider picture in some of the
cases, whereas the picture of the gun would never be followed by the US (i.e.,
counterbalanced fashion). The participants were again required to rate their level
of distress during each CS presentation. To disentangle subjective distress from
expectancy of the US, it was explained that the mere expectation of the electric
stimulus could, but did not necessarily had to cause feelings of distress. In the
acquisition phase, the CS1 and CS2 were presented for three times. In addition,
three startle probes were presented alone (NA). Order of trial type was
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randomized within blocks (i.e., CS1, CS2 and NA). Intertrial intervals (ITI) varied
between 15, 20 and 25 s with a mean of 20 s.
At the conclusion of the acquisition phase, the participants completed the
STAI-S and were asked about the number of shocks they had received. It was made
clear that the possibility of the non-occurrence of the electric stimulus existed. The
participants were explicitly instructed to remember what they had learned during
acquisition; the probability of receiving the electric stimulus the following days
markedly increased in case no shocks were delivered yet.
Memory Reactivation. In order to substantiate consolidation of the fear
memory, a break of 24 hr was inserted after acquisition. Subsequent to the
attachment of the electrodes, the participants were again instructed that the
spider picture would be followed by the electric stimulus in some of the cases,
whereas the picture of the gun would never be followed by the US (i.e.,
counterbalanced fashion). They were further told that the probability of receiving
the electric stimulus was markedly increased in case no shocks were delivered the
previous day (i.e., day 1). In the memory reactivation phase, a single CS1-R was
presented followed by a NA startle probe.
The participants received double-blind an oral dose of 40 mg of propranolol
HCl or placebo pill subsequent to the reactivation of the memory. The
administration of drug was randomized across participants with the restriction
that conditions were matched on STAI-T, SPQ and ASI scores as close as possible
(Table 7.1). In view of the peak plasma levels of propranolol HCl (Gilman &
Goodman, 1996), a resting period of 90 min was inserted following the pill
administration. The STAI-S was filled out both before and upon completion of the
experiment (i.e., after the resting period). In addition, at these time points, blood
pressure and saliva samples were collected.
Extinction, Testing. Upon arriving at the experimental site, blood pressure
and saliva samples were collected. In addition, the STAI-S was completed.
Instructions regarding the CSs only revealed that the same two pictures provided
during acquisition would be presented. In the extinction phase, participants were
exposed to the CS1 and CS2 for 12 times. Furthermore, 12 startle probes were
presented alone (NA). The participants were subsequently presented with the
renewal stimuli (CS1R, CS2R) as well as a NA startle probe. At the conclusion of the
experiment, the participants completed the STAI-S and were asked to indicate for
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each phase (i.e., beginning vs. end) of the experiment to what extent they had
expected the US after each of the CSs.
Statistical Analysis
Startle responses, electrodermal activity, subjective distress and US
expectancy ratings were analyzed by means of a mixed analysis of variance
(ANOVA) for repeated measures with condition (i.e., propranolol HCl vs. placebo
pill) as between-subjects factor and stimulus (i.e., CS1 vs. CS2) and trial (i.e.,
stimulus presentation) as within-subjects factors. The differential response (CS1 vs.
CS2) was compared over testing phases respectively (first trial vs. last trial).
Planned comparisons were performed for each condition separately. Missing data
points were excluded from the analyses. Outliers were replaced by linear trend at
point for each phase and stimulus type independently. Significance was set at P <
0.05.

Results
Manipulation Check Propranolol HCl
Analysis of the effect of the propranolol HCl manipulation on blood pressure
and sAA level during memory reactivation (i.e., day 2) revealed the expected
decrease in both systolic and diastolic blood pressure [moment x condition, F1,22 =
38.76, P < 0.001, ηp2 = .64; F1,22 = 5.74, P < 0.05, ηp2 = .21, respectively] as well as
salivary alpha amylase [moment x condition, F1,19 = 5.11, P < 0.05, ηp2 = .21] (van
Stegeren et al., 2006) in comparison to placebo pill, indicating that the drug
manipulation exerted its intended physiological effect (Table 7.2). However, in the
propranolol HCl group, the blood pressure and salivary alpha amylase again
returned to baseline levels at retention testing (i.e., day 3) given that we observed
no differential effect of pill administration on the course of the systolic and
diastolic BP [day 1 vs. day 3; moment x condition, Fs1,22 < 1] as well as sAA level
[day 1 vs. day 3; moment x condition, F1,16 < 1].
Consistent with other studies (Grillon et al., 2004), the propranolol HCl
manipulation did not affect the reported state anxiety that was assessed before
and after pill intake during memory reactivation (i.e., day 2) [moment x condition,
F1,22 < 1]. We also observed no differential effect of pill administration on the
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reported state anxiety that was assessed before acquisition and upon arriving at
the experimental site 48 hr later [day 1 vs. day 3; moment x condition, F1,22 < 1].
Table 7.2. Mean values (SD) of the systolic and diastolic blood pressure in mmHg and
amylase level in U/ml pre and post pill intake during memory reactivation for the
Propranolol HCl and Placebo Pill group.

Memory Reactivation
Pre Pill Intake

Post Pill Intake

t Test

Systolic BP

135.5 (SD = 12.3)

113.2 (SD = 8.3)

t11 = 9.37, P < 0.001

Diastolic BP

72.3 (SD = 10.6)

66.2 (SD = 7.6)

t11 = 2.78, P < 0.05

sAA Level

67.8 (SD = 66.6)

28.1 (SD = 38.4)

t10 = 2.69, P < 0.05

Systolic BP

121.8 (SD = 10.9)

117.8 (SD = 9.2)

t11 = 2.32, P < 0.05

Diastolic BP

68.6 (SD = 9.4)

68.3 (SD = 7.7)

t11 < 1

sAA Level

70.6 (SD = 53.6)

74.4 (SD = 35.1)

t9 < 1

Propranolol HCl

Propranolol
Condition

Placebo Pill
Condition

Fear Potentiated Startle Response
The analysis of variance showed fear learning (i.e., day 1) in both the
propranolol HCl and placebo pill condition by a significant increase of the
differential startle fear response (CS1 vs. CS2) from baseline to the last trial of
acquisition [stimulus x trial, F1,22 = 32.36, P < 0.001, ηp2 = .60; stimulus x trial x
condition, F1,22 < 1; Fig. 7.3 A and B]. We observed no difference in responding
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(CS1 vs. CS2) at baseline testing (i.e., shock electrodes detached) [stimulus,
stimulus x condition, Fs1,22 <1]. Moreover, the two groups expressed comparable
levels of differential startle potentiation (CS1-R vs. NA) during memory
reactivation (day 2) [stimulus x condition, F1,22 < 1]. The absence of a significant
change in startle fear responding (CS1 vs. NA) from the last trial of acquisition to
memory reactivation [stimulus x trial x condition, Fs1,22 < 1] further demonstrates
that the acquired fear memory was equally well consolidated in the two groups.
However, the administration of propranolol HCl contrary to placebo pill
significantly decreased the differential startle response from the last trial of
acquisition to the first extinction trial 48 hr later (i.e., day 3) [stimulus x trial x
condition, F1,22 = 6.04, P < 0.05, ηp2 = .22; Fig. 7.3 A and B]. Planned comparisons
indeed showed that the startle fear response (CS1 vs. CS2) remained stable in the
placebo pill condition [stimulus x trial, F1,11 < 1], whereas the propranolol HCl
manipulation strongly reduced the emotional expression of the fear memory (CS1
vs. CS2) [stimulus x trial, F1,11 = 18.53, P = 0.001, ηp2 = .63]. This reduction in startle
fear responding could not be explained by a general fear reducing effect of the
drug manipulation seeing that the two groups showed a similar level of startle
potentiation during habituation (i.e., day 3) [condition, F1,22 < 1; Fig. 7.3 C]. Given
that the differential startle response was in fact already eliminated following the
propranolol HCl manipulation [i.e., first extinction trial, t11 < 1], the two groups
differed over the course of the extinction learning process [stimulus x trial x
condition, F1,22 = 15.73, P = 0.001, ηp2 = .22]. That is, the startle fear response
significantly decreased from the first trial of extinction to the last extinction trial in
the placebo pill condition [stimulus x trial, F1,11 = 24.61, P = 0.001, ηp2 = .69], but we
did not observe any differential change in startle fear responding in the
propranolol HCl group [stimulus x trial, F1,11 < 1]. Furthermore, the renewal test
also unveiled a significant difference between the two conditions [CS1R vs. CS2R;
stimulus x condition, F1,22 = 11.87, P < 0.01, ηp2 = .35]. Contrary to the recovery of
fear in the placebo pill group [CS1R vs. CS2R; t11 = 3.65, P < 0.01, two-tailed; Fig. 7.3
B], the renewal test did not uncover any startle fear response in the propranolol
HCl condition [CS1R vs. CS2R; t11 < 1; Fig. 7.3 A], indicating that the drug
manipulation affected the context.
The analysis of the startle fear response to habituation (i.e., prior to
acquisition, memory reactivation and extinction learning) unveiled no significant
differences between the propranolol HCl and placebo pill condition [condition,
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Fig. 7.3. The erasure of the startle fear response by the propranolol HCl manipulation.
Mean startle potentiation to the fear conditioned stimulus (CS1), the control stimulus (CS2)
and noise alone (NA) trials during acquisition, memory reactivation, extinction and renewal
for the (A) Propranolol HCl and (B) Placebo Pill condition. Mean startle potentiation to the
habituation trials (C) prior to acquisition, memory reactivation and extinction for the
Propranolol HCl and Placebo Pill condition. Error bars represent SEM. BS = baseline (i.e.,
electrodes detached).
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Fs1,22 < 1]. We also observed no differences between the two groups in startle fear
responding to noise alone during acquisition [condition, F1,22 < 1] and memory
reactivation [t22 < 1]. However, the startle responding to NA relative to the control
stimulus (i.e., NA vs. CS2) was significantly augmented during acquisition [stimulus,
F1,22 = 30.66, P < 0.001, ηp2 = .58; stimulus x condition, F1,22 < 1.19], indicating that
the instructed fear learning paradigm in which the participants anticipated on an
‘imaginary’ aversive event induced some contextual fear (Grillon & Ameli, 1998).
Given that the startle responding to NA in the propranolol HCl condition contrary
to the placebo pill group was significantly reduced during extinction learning
[condition, F1,22 = 11.09, P < 0.01, ηp2 = .34] and renewal testing [t22 = 2.44, P < 0.05,
two-tailed], it may be suggested that the fear reducing effects following the
propranolol HCl manipulation generalized to the specific fear learning context.
Online Subjective Distress Ratings
The analysis of the distress ratings revealed a comparable responding (CS1 vs.
CS2) at baseline testing [stimulus, stimulus x condition, Fs1,22 <1] as well as a
significant increase in subjective distress during fear acquisition in both the
propranolol HCl and placebo pill condition [CS1 vs. CS2; stimulus x trial, F1,22 =
42.13, P < 0.001, ηp2 = .61; stimulus x trial x condition, F1,22 < 1; Fig. 7.4]. However,
closely resembling the startle fear response results, we observed a significant
difference between the two groups in the subjective distress ratings from the last
trial of acquisition to the first extinction trial 48 hr later (day 3) [stimulus x trial x
condition, F1,22 = 9.39, P < 0.01, ηp2 = .30; Fig. 7.4]. That is, the distress ratings
remained stable in the placebo pill condition [stimulus x trial, F1,11 < 1], whereas we
observed a significant decrease in subjective distress in the propranolol HCl group
[stimulus x trial, F1,11 = 20.89, P = 0.001, ηp2 = .66]. Consequently, the two groups
differed over the course of the extinction learning process [stimulus x trial x
condition, F1,22 = 4.34, P < 0.05, ηp2 = .17]. The distress ratings significantly
decreased from the first trial of extinction to the last extinction trial in the placebo
pill condition [stimulus x trial, F1,11 = 8.62, P < 0.05, ηp2 = .44], but we did not
observe any differential change in the propranolol HCl group [stimulus x trial, F1,11
< 2.44]. Moreover, the renewal test also generated a significant difference
between the two groups [CS1R vs. CS2R; stimulus x condition, F1,22 = 5.43, P < 0.05,
ηp2 = .20], again mirroring the startle fear response data. Though we observed a
significant renewal of the distress ratings in the placebo pill condition [CS1R vs.
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CS2R; t11 = 3.24, P < 0.01, two-tailed; Fig. 7.4 B], the fear renewal was absent in the
propranolol HCl group [CS1R vs. CS2R; t11 < 1.07; Fig. 7.4 A].
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Fig. 7.4. The erasure of the subjective feelings of distress by the propranolol HCl
manipulation. Mean subjective distress ratings to the CS1 and CS2 trials during acquisition,
memory reactivation, extinction and renewal for the (A) Propranolol HCl and (B) Placebo
Pill condition. Error bars represent SEM. BS = baseline (i.e., electrodes detached).

Skin Conductance Response
Overall analysis of electrodermal responding revealed no fear conditioning
during acquisition (CS1 vs. CS2) [stimulus x trial, F1,22 < 2.51]. When fear responses
are not successfully acquired, one cannot assess the return of fear. Therefore, only
subjects showing successful levels of fear acquisition (i.e., trial 3 CS1 > CS2) were
included in the analyses. Two subjects were eliminated. That is, one subject from
the propranolol HCl condition and one subject from the placebo pill group.
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Subsequent analyses of variance showed no effect of the drug manipulation
on skin conductance discrimination (CS1 vs. CS2) [stimulus x trial x condition, Fs1,20
< 1.48]. In both the propranolol HCl and placebo pill group, we observed a
significant increase in electrodermal activity during acquisition [CS1 vs. CS2;
stimulus x trial F1,20 = 6.20, P < 0.05, ηp2 = .24; Fig. 7.5], a significant decrease in
electrodermal responding during extinction learning [CS1 vs. CS2; stimulus x trial
F1,20 = 6.53, P < 0.05, ηp2 = .25], and a significant renewal effect [CS1R vs. CS2R;
stimulus, F1,20 = 5.73, P < 0.05, ηp2 = .22].
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Fig. 7.5. Mean skin conductance responding to the CS1 and CS2 trials during acquisition,
memory reactivation, extinction and renewal for the (A) Propranolol HCl and (B) Placebo
Pill condition. Error bars represent SEM. BS = baseline (i.e., electrodes detached).

190

On the Verge of Clinical Application

Retrospective US Expectancy

Retrospective US Expectancy

Retrospective US Expectancy Ratings
The analyses of variance revealed no effect of the drug manipulation on
retrospective US expectancy (CS1 vs. CS2) [stimulus x trial x condition, Fs1,22 < 1]. In
both the propranolol HCl and placebo pill condition, we observed a significant
increase in expectancy ratings during acquisition [CS1 vs. CS2; stimulus x trial, F1,22
= 410.88, P < 0.001, ηp2 = .95; Fig. 7.6], a differential decrease in US expectancy
during extinction learning [CS1 vs. CS2; stimulus x trial, F1,22 = 83.66, P < 0.001, ηp2 =
.79], and a significant renewal effect [CS1R vs. CS2R; stimulus, F1,22 = 123.22, P <
0.001, ηp2 = .85], indicating that the threat generalized across contexts.
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(B) Placebo Pill condition. Error bars represent SEM.
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Discussion
Here, we demonstrate that -adrenergic receptor blockade during
reconsolidation strongly attenuated the behavioral expression of the instructed
fear memory (i.e., startle fear responding) as well as the subjective feelings of
anxiety. The propranolol HCl drug seemed to be highly effective in weakening the
fearful aspects of the memory 24 hr later as one of the hallmark recovery
phenomena (i.e., ‘renewal’ testing) failed to uncover any fear responding (i.e.,
startle fear responding, subjective distress ratings). This contrasted sharply with
the placebo pill condition in which ‘renewal’ testing unveiled a post-extinction
return of fear (Fig. 7.3 and 7.4). Notably, the startle fear responding to the context
(i.e., noise alone trials) relative to the control stimulus (i.e., CS2 trials) was
augmented during fear acquisition in both conditions (i.e., day 1), indicating that
the instructed fear learning paradigm in which the participants anticipated on an
‘imaginary’ aversive event induced some contextual fear (Grillon & Ameli, 1998).
Interestingly, the startle fear responding to the ‘noise alone’ trials during
subsequent retention testing (i.e., day 3) was reduced in the propranolol HCl
condition but not in the placebo pill group. Hence, it may be suggested that the
fear reducing effects following the propranolol HCl drug also generalized to the
specific fear learning context. Contrary to the startle fear responding and
subjective feelings of anxiety, the β-blocker during reconsolidation neither affected
the skin conductance discrimination nor the US expectancy ratings. In line with our
preceding studies (Kindt, et al., 2009; Soeter & Kindt, 2010, 2011), this observation
again demonstrates that the ‘updating’ of the anticipation of threat (i.e., skin
conductance responding, US expectancy ratings) calls for different reactivation
conditions (Kindt et al., 2009; Lee, 2009; Soeter & Kindt, 2010, 2011). Apparently,
the various memory expressions of a single learned fear association do not
necessarily undergo reconsolidation in harmony. While the emotional and
cognitive memory system are interrelated, they can indeed also operate
independently (Phelps, 2004; LaBar & Cabeza, 2006). For instance, a purely
cognitive intervention may change the irrational beliefs of patients with anxiety
disorders (e.g., overestimation of danger), while leaving the emotional component
of the fear memory untouched. On the other hand, we here show that the
behavioral expression and subjective feelings of anxiety can be modified without
affecting the ‘physiological’ as well as ‘cognitive’ component of the anticipation of
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threat (i.e., skin conductance responding, US expectancy ratings, respectively).
Evidently, when anxious individuals suffer from irrational beliefs such as an
overestimation of danger, interventions should also target the more cognitive
aspects of a fear memory.
Our findings suggest that the present fear reducing effects are not the result
of a general nonspecific dampening effect of the propranolol HCl drug, even
though small doses of propranolol HCl can have anxiolytic effects (GranvilleGrossman & Turner, 1966; Wheatley, 1969; Tyrer & Lader, 1974). First, since the
two groups showed a similar level of startle potentiation during habituation prior
to retention testing (i.e., day 3) (Fig. 7.3 C), the reduction in startle fear responding
could not be explained by a general effect of the propranolol HCl drug on the
startle responding itself. This is in line with other human studies showing no
effects of propranolol HCl on startle reactivity (Grillon et al., 2004). Second, the
fear reducing effects could also not be explained by any anxiolytic properties of
the -adrenergic drug on state anxiety (i.e., STAI-S). Moreover, the blood pressure
and salivary alpha amylase returned to baseline levels 24 hr after propranolol HCl
intake (i.e., day 2), indicating that the drug was washed out before retention
testing (i.e., day 3). Combined with our earlier findings that propranolol HCl does
not affect fear responding in the absence of the memory retrieval (Kindt et al.,
2009; Soeter & Kindt, 2010), the alternative explanation for the fear reducing
effects seems to be highly improbable. Rather, the administration of the adrenergic drug after memory retrieval appears to have weakened the underlying
fear association (i.e., CS1-US), thereby attenuating the behavioral expression as
well as subjective feelings of anxiety 24 hr later.
Contrary to the traditional studies on ‘fear’ memory reconsolidation (e.g.,
Nader et al., 2000; Kindt et al., 2009; Monfils et al., 2009; Schiller et al., 2010), we
here established associative ‘fear’ memory through ‘verbal communication’ (i.e.,
instructed fear learning) whereby the aversive event was only ‘imagined’ instead
of really experienced (i.e., Pavlovian fear conditioning). Even though the neural
mechanisms underlying Pavlovian fear conditioning are proposed to differ from
those underlying instructed fear learning (Olsson & Phelps, 2007), the present
findings demonstrate that imagined aversive events also undergo reconsolidation.
Considering that humans often obtain their fears through ‘observational learning’
and ‘language’ (i.e., without directly experiencing the aversive event itself)
(Rachman, 1977), the propranolol HCl drug as add on memory retrieval may have
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potentially important implications for the treatment of anxiety disorders.
Preliminary evidence in trauma patients already showed reduced physiological
responding following post-retrieval propranolol HCl intake (Brunet et al., 2008).
Here, we demonstrate that targeting the process of reconsolidation by a single
dose of propranolol HCl also diminishes the subjective feelings of anxiety, which is
particularly clinically relevant. Given that experimental research is restrictive by its
very nature, research in patients is required to uncover the optimal and boundary
conditions for reconsolidation in clinical practice. For now - at least - we may
conclude that disrupting reconsolidation is within reach of clinical applicability.
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The objective of this thesis was to develop novel strategies to prevent the
return of fear in humans. Though the usual treatment for anxiety disorders (i.e.,
exposure therapy) is highly effective in reducing fearful responding, a noticeable
disadvantage is that it leaves the original fear memory intact (e.g., Bouton, 1993,
2002; LeDoux, 1995), thereby explaining the high percentages of relapse in spite of
initial treatment success (Craske, 1999). Recently, it was rediscovered in rats that a
permanent reduction of fear may be realized through targeting the process of
reconsolidation (Nader et al., 2000; Dębiec & LeDoux, 2004). That is, the proteinsynthesis dependent restabilization of a memory upon retrieval enables the
modification of the original fear memory representation and thus points to a
promising strategy for the treatment of anxiety disorders. In a series of
experiments, we tested whether disrupting the process of human fear memory
reconsolidation would result in amnesia for the original learning and prevent the
return of fear. In this final chapter, the main findings of our studies are
summarized and discussed. In addition, possible clinical implications and
suggestions for future research are presented.

Erasing Fear from Memory
Using a differential fear conditioning paradigm in humans, we demonstrated
in Chapter 2 that disrupting reconsolidation by the oral administration of the βadrenergic receptor antagonist propranolol HCl prior to memory reactivation
‘deleted’ the emotional expression of the fear memory 24 hr later (i.e., startle fear
responding). The β-adrenergic blocker seemed to be highly effective in eliminating
the fear arousing aspects of the memory as the reminder shocks (i.e.,
reinstatement testing) failed to uncover any startle fear responding. This
contrasted sharply with the return of fear that was observed during reinstatement
testing in the placebo pill group, demonstrating that traditional extinction learning
leaves the original fear memory unaffected (e.g., Bouton, 2002). Given that
disrupting reconsolidation prevented the return of fear, the results from Chapter 2
could have important therapeutic implications and thus asked for a solid
replication. In addition to replicating our previous findings, we demonstrated in
Chapter 3 that the fear erasing effects by the propranolol HCl manipulation
´persisted´ at one month follow up. This reduction in startle fear responding was
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critically dependent on the active retrieval of the fear memory as the omission of
memory reactivation after propranolol HCl intake yielded normal fear responding
(i.e., Chapters 2 and 3). Thus, taken together, given that the oral administration of
propranolol HCl as well as memory retrieval seemed to be necessary for
‘persistently’ eliminating the emotional expression of the fear memory (i.e., startle
fear responding), the fear reducing effects in Chapters 2 and 3 could not be
explained by any anxiolytic effects of the -adrenergic drug. However, the typical
differential fear conditioning paradigm (i.e., CS1-US vs. CS2) in Chapters 2 and 3
did not allow any further inferences about the nature of the fear memory erasure.
First, the β-adrenergic receptor antagonist propranolol HCl during reconsolidation
could simply have diminished the intrinsically negative valence of the startle
probes, which are necessary to elicit startle responses and are typically
potentiated during fearful states (e.g., anticipation of the electric stimulus).
Second, the attenuation of the startle fear responding could also have resulted
from a more diffuse effect of the propranolol HCl manipulation by reducing the
fear-provoking aspects of the aversive consequence itself (i.e., US). In considering
clinical implications, disrupting reconsolidation should not radically alter functional
reactions to potentially dangerous situations (i.e., US), but selectively weaken the
underlying maladaptive fear association (i.e., CS1-US). At the same time, disrupting
reconsolidation should not be restricted to the feared cue itself when we consider
that fear generalization is a main characteristic of anxiety disorder (Lissek et al.,
2008).
We addressed these issues in Chapter 4 by using a within-subject differential
fear conditioning procedure allowing selective reactivation of one of two
categorically distinct fear associations sharing the same aversive outcome and a
test of fear generalization. The findings demonstrated that the administration of
the β-adrenergic receptor antagonist prior to memory reactivation selectively
‘neutralized’ the fear arousing aspects of the reactivated fear association, as
‘reacquisition’ learning did not reveal any savings of the fear response. This
contrasted sharply with the ‘rapid reacquisition’ of the startle fear response to the
nonreactivated cue, again demonstrating that extinction learning leaves the
original fear memory intact (Bouton, 2002). Remarkably, the fear erasing effect
following reconsolidation blockade was not restricted to the reactivated fear
association but instead generalized to cues that belong to the same semantic
category (i.e., fear network), even though reacquisition learning had recovered the
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fear responding before the test of generalization. Given that comparable fear
learning in naive participants was sufficient to produce generalized fear
responding (i.e., Experiment Ib, Chapter 4), we concluded that relearning following
the disruption of reconsolidation may be qualitatively different from original
learning. The generalization of fear seems to be dependent on the strength of the
memory as operationalized by training intensity (Laxmi et al., 2003). Apparently,
the β-adrenergic interference with reconsolidation rendered the core memory
trace too weak for fear generalization to occur after successful reacquisition. Thus,
the propranolol HCl manipulation may have suppressed the synaptic plasticity
instead of solely neutralizing the emotional impact of the memory. Although no
objective behavioral test is currently available to answer the question whether
disrupting reconsolidation permanently alters memory traces (i.e., storage theory)
or just leaves the memory inaccessible as a result of retrieval failure (i.e., retrieval
theory) (Tronson & Taylor, 2007), the reacquisition-generalization findings from
Chapter 4 strongly support the hypothesis of reconsolidation as a storage
mechanism. In any case, the findings from Chapter 4 demonstrated that disrupting
reconsolidation by the propranolol HCl manipulation, though selective,
undermined the generalization of fear responding.
Considering that the generalization of fear lies at the heart of many anxiety
disorders (Lissek et al., 2008), the above findings (i.e., Chapter 4) could have
important clinical implications. However, there are a number of experimental
conditions (i.e., ‘boundary conditions’) that may prevent reconsolidation from
occurring, such as the ‘reminder duration’ (Eisenberg et al., 2003; Pedreira &
Maldonado, 2003) and the ‘strength of training’ (Suzuki et al., 2004; Wang et al.,
2009). If we are to target reconsolidation in patients suffering from anxiety
disorders such as posttraumatic stress disorder, the strength of the memory
should not act as a boundary condition on reconsolidation. Even though ample
evidence in animals and humans supports the role of noradrenaline in the
formation of emotional memory (McGaugh & Roozendaal, 2009), the effects of
stress hormones on human associative fear memory were unknown. Therefore, we
first tested in Chapter 5 whether stimulation of the noradrenergic system during
memory formation by the administration of yohimbine HCl1 would strengthen the
1

Yohimbine HCl is a α2-adrenergic antagonist supposed to stimulate central noradrenergic
activity (Charney et al., 1987; Peskind et al., 1995).
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emotional expression of associative fear memory in humans. Here, the
administration of yohimbine HCl contrary to placebo pill extensively delayed the
process of extinction learning and generated a superior recovery of fear (i.e.,
reinstatement, reacquisition) 48 hr later. The competition between the original
excitatory fear association and the newly formed inhibitory memory trace
determines the behavioral outcome of extinction learning (Myers & Davis, 2002).
Given that yohimbine HCl was administered during fear conditioning (i.e., 48 hr
prior to fear extinction), the noradrenergic manipulation apparently delayed the
process of extinction by strengthening the original excitatory fear association.
Taken together, these data thus demonstrated that increased noradrenaline
release during or shortly after a stressful event strengthened associative fear
memory traces and suggest that noradrenaline may play an important role in the
aetiology and maintenance of anxiety disorders.
Again using a differential fear conditioning procedure allowing selective
reactivation of one of two fear associations, we next tested in Chapter 6 whether
the stimulation of the noradrenergic system during memory formation would act
as a boundary condition on reconsolidation. Here, the administration of yohimbine
HCl contrary to placebo pill delayed the extinction learning process 48 hr later and
promoted fear generalization to the non-reactivated fear association. Yet, the βadrenergic receptor blocker during reconsolidation selectively ‘neutralized’ the
startle fear responding to the reactivated fear association along with its categoryrelated information (i.e., fear network). In line with the findings from Chapter 5,
these data demonstrated that the noradrenaline level during or shortly after a
traumatic experience may be an important determinant in the etiology of anxiety
disorders. At the same time, the findings from Chapter 6 could have valuable
clinical implications given that the strength of the memory did not act as a
boundary condition on reconsolidation. It may be possible that the stimulation of
the noradrenergic system during memory formation still rendered the memory
trace too weak to prevent reconsolidation from occurring (Suzuki et al., 2004;
Wang et al., 2009). On the other hand, the yohimbine HCl manipulation during the
formation of memory strongly impaired subsequent extinction learning,
whereupon the current treatment of choice for anxiety disorders is based (i.e.,
‘exposure therapy’) (Rothbaum & Foa, 2002; Rothbaum & Davis, 2003).
A (fear) memory may become vulnerable to disruption immediately following
its retrieval (Nader et al., 2000). In the above chapters on reconsolidation (i.e.,
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Chapters 2, 3, 4, and 6), we therefore administered propranolol HCl 90 minutes
prior to memory reactivation in view of the peak plasma concentrations (Gilman &
Goodman, 1996). Even though the fear erasing effects were only observed during
the post reactivation tests (i.e., Chapters 2, 3, 4, and 6), administering pills prior to
reactivation does not discard the effect of the drug manipulation on the retrieval
of the fear memory itself. However, the reconsolidation window (i.e., the period of
instability) is supposed to persist for approximately 6 hr after retrieval (Nader et
al., 2000). Indeed, in Chapter 6, we observed a similar reduction in startle fear
responding when the β-adrenergic receptor antagonist was administered ‘after’
reactivation of the memory (i.e., Experiment II). Together with the observation
that propranolol HCl did not directly affect the expression of the fear memory
during retrieval (i.e., Chapters 2, 3, 4, and 6), our findings suggest that the drug
manipulation prior to reactivation also specifically affected the processes
mediating reconsolidation (Nader et al., 2000).
If disrupting reconsolidation will be of value for clinical practice, it should not
only diminish the emotional expression of fear memories (i.e., startle fear
responding - Chapters 2, 3, 4, and 6) but also the subjective feelings of anxiety. In
our final study (i.e., Chapter 7), we addressed this issue by using an ‘instructed
fear learning’ paradigm in which a noxious event (i.e., electric stimulus) is
anticipated but never actually experienced. That is, the participants were
instructed which out of two fear-relevant stimuli would at times be followed by a
very unpleasant electric stimulus (i.e., US), while the US was never administered.
First, the findings from Chapter 7 demonstrated that ‘imagined’ aversive events
also undergo reconsolidation. Furthermore, the administration of propranolol HCl
contrary to placebo pill not only ‘erased’ the emotional expression of the fear
memory but also prevented the ‘renewal’ of fear responding. But most
importantly, -adrenergic blockade after memory retrieval strongly attenuated the
subjective feelings of anxiety. Considering that patients with anxiety disorders (1)
often fear objects and situations that they have never actually experienced
(Rachman, 1977), and (2) primarily suffer from the subjective feelings of anxiety,
the findings from Chapter 7 could have important implications for the treatment
of anxiety disorders.
In sum, the processes of ‘extinction’ and ‘disrupting reconsolidation’ are two
approaches to diminish fear related behavior. In the present thesis, considerable
evidence was found that extinction learning leaves the original fear memory intact.
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That is, the four hallmark retrieval techniques that we employed (i.e.,
‘reinstatement’, ‘reacquisition’, ‘renewal’, and ‘spontaneous recovery’) all revealed
a return of fear post extinction learning (i.e., Chapters 2, 3, 4, 5, 6, and 7).
Conversely, β-adrenergic receptor blockade during reconsolidation prevented the
return of fear, indicating the selective ‘erasure’ of the underlying fear association
(i.e., Chapters 2, 3, 4, 6, and 7). Whereas extinction learning seemed to be
impaired by noradrenergic modulation (i.e., Chapters 5 and 6), the propranolol HCl
manipulation during reconsolidation selectively ‘neutralized’ the fear arousing
aspects of the noradrenergic strengthened fear association (i.e., Chapter 6). On
top of that, the β-adrenergic interference with reconsolidation undermined the
generalization of fear responding (i.e., Chapter 4), even in case when a
noradrenergic strengthened (i.e., Yohimbine HCl) fear memory trace triggered
broader fear generalization (i.e., Chapter 6). Several lines of evidence suggest that
CREB (i.e., cyclic adenosine monophosphate response element binding protein) is
one of the transcription factors regulating the synthesis of proteins necessary for
the (re)consolidation (Josselyn et al., 2001; Davies et al., 2004) as well as
generalization of fear memory (Han et al., 2008). Whereas yohimbine HCl is known
to induce the phosphorylation of CREB (Sun et al., 2010), the β-adrenergic receptor
antagonist propranolol HCl has been shown to inhibit noradrenaline-stimulated
CREB phosphorylation (Jockers et al., 1998; Chaundhry & Granneman, 1999;
Thonberg et al., 2002). Together, the findings in the present thesis show the
involvement of noradrenergic modulation in the ‘formation’, ‘reconsolidation’ as
well as ‘generalization’ of human associative fear memory. Moreover, the findings
demonstrate that disrupting reconsolidation may point to a promising alternative
strategy in reducing excessive fear responding.

Dissociating Response Systems
Even though the β-adrenergic receptor blocker during memory reactivation
was highly effective in ‘eliminating’ the emotional expression of the fear memory
(i.e., startle fear responding, subjective feelings of distress), we did not observe any
effects on the US expectancy ratings and skin conductance discrimination (i.e.,
Chapters 2, 3, 4, 6, and 7). Human startle potentiation is considered to be a
reliable and specific index of fear (Hamm & Weike, 2005), directly connected with,
and modulated by, the amygdala (Davis, 2006). Amygdala activation is also
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reported in association with electrodermal activity (i.e., SCR) either evoked by fear
conditioning or the processing of threat cues (Büchel et al., 1998; Phelps et al.,
2001; Williams et al., 2001). However, one difficulty in interpreting SCR-related
brain activity in behavioral studies is that the experimental paradigm does not
permit dissociating secondary induced SCR-related neural activity from activity
related to psychological stimulus processing (Critchley et al., 2001, 2002; Nagai et
al., 2004). Irrespective of this difficulty, other fMRI studies signify that the
amygdala is one among a set of modulatory regions (e.g., vmPFC, thalamus,
hypothalamus), influencing but not uniquely generating skin conductance
responding (Frederikson et al., 1998; Critchley et al., 2001, 2002; Nagai et al.,
2004). Although skin conductance responding is traditionally considered to reflect
the emotional expression of fear conditioning, several findings also suggest that
SCR primarily reflects the anticipation of threat (Bechara et al., 1996; Critchley et
al., 2000; Weike et al., 2007). In the present thesis, the SCR indeed closely
mirrored the US expectancy ratings, whereas the startle fear responding strongly
diverged from the electrodermal activity, a finding in line with several other
studies on human fear conditioning (Hamm & Vaitl, 1996; Hamm & Weike, 2005;
Weike et al., 2007). These data thus demonstrated that memories may undergo
reconsolidation at one level (i.e., amygdalar fear memory), while leaving the
anticipation of threat untouched, both at a cognitive (i.e., US expectancy ratings)
and a physiological level (i.e., skin conductance discrimination) (i.e., Chapters 2, 3,
4, 6, and 7). Apparently, the processes of reconsolidation for the various
expressions of a single learned fear association do not necessarily act in concert.
It should be noted that these findings do not imply that reconsolidation is
restricted to the emotional expression of fear memory (i.e., startle fear
responding, subjective feelings of distress). In principle, all memory systems should
be subject to disrupting reconsolidation given the appropriate situations (Lee,
2009). Indeed, post-retrieval lability has been found with numerous memory tasks
including declarative memory in humans (Hupbach et al., 2007; Forcato et al.,
2007, 2009; Strange et al., 2010). However, reconsolidation may be viewed as a
fundamental process in the ongoing modification and storage of memories, which
seems potentially adaptive in terms of maintaining a memory’s relevance in
guiding future behavior (Dudai, 2006; Lee, 2009). As a result, labilization and
reconsolidation do not necessarily occur when a memory is being reactivated, but
only when there is something to be learned during retrieval (i.e., ‘informational
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value’) (Pedreira et al., 2004; Forcato et al., 2009; Lee, 2009; Sevenster et al.,
Unpublished Data). A violation based upon prior learning is supposed to be a
necessary condition for reconsolidation, meaning that the magnitude of the
outcome or the outcome itself is not being fully predicted (i.e., ‘prediction error’)
(Pedreira et al., 2004; Forcato et al., 2009; Lee, 2009). In the present thesis, the
partial reinforcement scheme during acquisition may therefore have prevented
the single unreinforced reactivation trial from memory updating at the
‘propositional’ level (i.e., Chapters 2, 3, 4, and 6). Recently, a behavioral approach
targeting the reconsolidation of fear memory in fact demonstrated that multiple
unreinforced presentations allowed for the updating of threat anticipation in
humans (Schiller et al., 2010). That is, an extinction procedure performed within
the window of reconsolidation resulted in the persistent erasure of skin
conductance discrimination. Even though animal studies showed a destabilization
of the fear memory trace in the lateral amygdala by behaviorally disrupting
reconsolidation (Monfils et al., 2009; Clem & Huganir, 2010), the effects on the
emotional expression of fear memory in humans remained unknown. Given that a
behavioral procedure is obviously preferred over pharmacological manipulations,
we tested in Chapter 4 (i.e., Experiment II) whether the behavioral disruption of
reconsolidation would not only affect skin conductance responding but also the US
expectancy ratings as well as startle fear responding.
Overall, the findings from Experiment II, Chapter 4 stand in sharp contrast to
those reported by Schiller et al. (2010). That is, we did not observe any effects of
the behavioral procedure presented within the reconsolidation window on
conditioned (fear) responding (i.e., Chapter 4; Kindt & Soeter, 2011). Animal
studies show that subtle procedural variations may render reconsolidation
procedures unsuccessful in generating fear erasing effects (e.g., Nader, 2003; Chan
et al., 2010). There are indeed a number of procedural differences that may
explain why the behavioral procedure (i.e., ‘extinction learning’) did not allow for
the updating of fear memory in our studies (i.e., Chapter 4; Kindt & Soeter, 2011).
Thus, even though disrupting reconsolidation may point to a promising strategy in
the permanent reduction of fear, subtle procedural differences seem to be crucial
for the phenomenon. Specifically, whether a retrieval trial triggers reconsolidation
appears to depend on a complex interaction between initial learning and the
available information at the time of memory retrieval (i.e., ‘prediction error’) (Lee
et al., 2006, Lee, 2009). This may also explain why we did not observe any fear
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reducing effects on the subjective feelings of anxiety in Chapter 4 of this thesis.
That is, as the repeated pairing of the CS with the ‘experience’ of a relatively mild
noxious event (e.g., electric stimulus) makes the aversiveness of the US very
‘predictable’, the traditional human fear conditioning paradigm in Chapter 4 may
not have been suitable for targeting the subjective component of fear memory
(i.e., Chapter 4). In Chapter 7, when the aversiveness of the US was anticipated
but never actually experienced (i.e., instructed fear learning), the -adrenergic
blocker during reconsolidation in fact strongly diminished the previously acquired
subjective feelings of anxiety. Although these findings may thus stress the role of a
‘prediction error’ in transforming fear memories from a fixed state to one that is
amenable to change (Lee, 2009), we cannot be certain what caused the
attenuation of the subjective feelings of anxiety in Chapter 7. First, we also
modified the ‘online distress ratings’ itself in Chapter 7 relative to Chapter 4 by
adding a body chart in order to focus the participants’ attention on their bodily
sensations of distress. Second, in Chapter 7, we further disentangled the
subjective distress from the expectancy of the US by explaining that the mere
expectation of the electric stimulus could, but did not necessarily had to cause
feelings of distress. Nevertheless, the point to be made is that the mere retrieval
of a fear memory is not sufficient for inducing reconsolidation. A better
understanding of the necessary conditions for labilization and reconsolidation is
critical if we are to target reconsolidation in patients suffering from anxiety
disorders. Yet, under the ‘appropriate’ conditions, targeting the process of
reconsolidation allows for the permanent attenuation of the emotional expression
of fear memories in humans (i.e., startle fear responding, subjective feelings of
anxiety) (i.e., Chapter 7).

Limitations of the Present Thesis
The findings of the present thesis should be interpreted with, at least, the
following limitations in mind. First, we only collected behavioral data in this thesis
(i.e., on a subjective and physiological level). Although behavioral effects can
provide insights into the mechanisms of learning and memory, they do not unveil
the underlying neurobiological mechanisms. We could therefore only speculate on
how ‘noradrenaline’ affects the ‘formation’, ‘reconsolidation’ as well as
‘generalization’ of human fear memory. A second limitation of this thesis is that
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the retrieval techniques (i.e., ‘reinstatement’, ‘spontaneous recovery’, ‘renewal’,
and ‘reacquisition’) were all implemented following fear extinction (i.e., day 3). As
a result, we cannot be certain whether the absence of a return of fear in the
propranolol HCl conditions (i.e., Chapters 2, 3, 4, 6, and 7) was exclusively due to
targeting the process of reconsolidation or to the combination with fear extinction
(i.e., day 3). Yet, given that we could not observe a behavioral effect of extinction
learning as the startle fear responding was already eliminated on the first trials of
the extinction procedure (i.e., Chapters 2, 3, 4, 6, and 7), it may be suggested that
extinction learning did not play a role in preventing the return of fear in the
propranolol HCl groups. Obviously, future research should test whether the
administration of retrieval techniques without fear extinction also prevents the
return of fear (i.e., day 3). A third limitation of the present thesis has to do with
the time elapsed between extinction learning and the retrieval techniques that we
used (i.e., ‘reinstatement’, ‘spontaneous recovery’, ‘renewal’, and ‘reacquisition’).
As mentioned above, the retrieval techniques were all implemented directly
following fear extinction. Hence, there was no ‘consolidation’ of the extinction
memory, which requires - just like consolidation processes in general - an
extended period to be completed (Dudai, 2004). In the placebo pill groups (i.e.,
Chapters 2, 3, 6, and 7), the newly formed extinction memory may therefore have
been ‘better’ in inhibiting the original fear association if we had inserted the
retrieval techniques for instance 24 hr after extinction learning. Note, however,
that in Chapter 4, Experiment II, the extinction learning on day 2 did not prevent
the return of fear 24 hr later. Other limitations of the present thesis, including the
‘simple’ nature of the fear association (i.e., CS-US), the ‘strength’ as well as the
‘age’ of the fear memory and the ‘population’ that was under investigation, will be
discussed in more detail in the section on clinical implications.

Clinical Implications, Future Research and Concluding Remarks
Anxiety disorders are thought to originate from a learned association
between a previously neutral or ambiguous event (i.e., CS) and an anticipated
disaster (i.e., US). In the present thesis, we demonstrated that disrupting
reconsolidation allows for the modification of this underlying fear association (i.e.,
CS-US), which not only results in a permanent reduction of fear but also
undermines the generalization of fear responding, a main characteristic of anxiety
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disorders. Considering that traditional extinction learning leaves the original fear
memory intact, as is substantiated by the high percentages of relapse after
apparently successful treatment (Craske, 1999), disrupting reconsolidation may
have important implications for the treatment of anxiety disorders such as phobias
and posttraumatic stress disorder. Furthermore, targeting the process of
reconsolidation may also be a successful treatment strategy for other psychiatric
disorders such as substance abuse (Lee et al., 2005, 2006; Taylor et al., 2009),
given that drug-associated cues are known to be a major cause of relapse to
addictive behavior (Taylor et al., 2009).
In considering clinical implications, there are, however, several issues that
need to be addressed. First of all, given that the present studies were only
conducted in healthy participants, we do not know whether disrupting
reconsolidation will be as effective in patient populations. Individual differences in
for instance temperament are known to play an important role in the aetiology of
anxiety disorders (e.g., Mineka & Zinbarg, 2006). Such vulnerability traits may also
be a determining factor in the effectiveness of disrupting reconsolidation.
Furthermore, as mentioned above, there are a number of experimental conditions
under which reconsolidation does not seem to occur, such as the ‘strength of
training’ and ‘memory age’ (Suzuki et al., 2004; Wang et al., 2009). Even though
stimulation of the noradrenergic system during memory formation did not act as a
‘boundary condition’ on reconsolidation (i.e., Chapter 6), a crucial question is
whether ‘strong’ and ‘old’ memories in patients with anxiety disorders will also be
sensitive to disrupting reconsolidation. For now, preliminary evidence in trauma
patients showing reduced trauma-relevant physiological responding is promising
(Brunet et al., 2008). Second, the experimental paradigm in the present thesis (i.e.,
fear conditioning) only allowed for investigating ‘simple’ fear associations in which
a stimulus was related to a single aversive event (i.e., CS-US). However, traumatic
events are thought to result into especially large and complex associative fear
networks (Foa & Kozak, 1986; Foa et al., 1989), such that activation of one element
of the network leads to activation of related elements (Anderson & Bower, 1974).
In this thesis, we demonstrated that the fear erasing effects following
reconsolidation blockade spread to information from the same category that was
not previously associated with the originally feared stimulus (i.e., Chapters 4 and
6). Moreover, in rats, it has already been demonstrated that higher-order (i.e.,
associated) memories undergo reconsolidation when reactivated by the primary
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(i.e., first-order) fear association (Dębiec et al., 2006). Nevertheless, whether
disrupting reconsolidation does alter the entire network of associative fear
memories currently remains unknown. Germane to this issue is whether
reactivation of more abstract but related information will also render the primary
(i.e., first-order) fear association sensitive to disruption. Here, we only
demonstrated the effects of disrupting reconsolidation by reactivating the ‘core’
fear association (i.e., CS1-US). However, this ‘core’ fear memory may be difficult to
uncover in clinical practice.
A further consideration for clinical implications is that the specific reactivation
conditions to transform fear memories from a fixed state to one that is amenable
to change seem to differ for the various aspects of fear memories. In the present
thesis, the reactivation conditions allowed for the updating of the emotional
expression of fear (i.e., startle fear responding, subjective feelings of anxiety) (i.e.,
Chapter 7). On the other hand, given that there was nothing to be learned about
the ‘contingency’ at the time of memory retrieval, the propranolol HCl
manipulation did not affect the anticipation of threat (i.e., skin conductance
responding, US expectancy ratings). Since anxiety disorders may be characterized
by irrational beliefs, such as an overestimation of danger, it can also be desirable
to affect the anticipation of threat. Even though all memory aspects should be
subject to disrupting reconsolidation (Lee, 2009), an understanding of the optimal
conditions for updating the different aspects of fear memory is critical if we are to
consider reconsolidation blockade as a novel therapeutic strategy for treating
people suffering from emotional disorders.
Another thought for the application of reconsolidation in clinical practice is
the differentiation between reconsolidation and extinction (Eisenberg et al., 2003;
Pedreira & Maldonado, 2003; Suzuki et al., 2004). That is, if repetitive or prolonged
retrieval of an acquired fear memory promotes the formation of a novel extinction
memory trace, pharmacological manipulations intended to impair reconsolidation
may instead or additionally interfere with the consolidation of fear extinction
(Ouyang & Thomas, 2005; Mueller et al., 2008; Bos et al., Unpublished Data). Thus,
to the degree that reconsolidation procedures generate extinction learning, adrenergic interference may be counterproductive. If we are to target
reconsolidation with pharmacological agents, careful selection of the timing
parameters is crucial in ensuring that extinction learning does not occur. Although
the propranolol HCl manipulation can be administered ‘after’ reactivation of the
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memory (i.e., Chapter 6), it should be noted that the demarcation between
reactivation and extinction is less controllable in clinical practice than in the
experimental setting.
Finally, behavioral procedures are evidently preferred over drug
manipulations provided that similar effects can be obtained. Even though in
Chapter 4 the behavioral procedure (i.e., fear extinction) did not allow for the
updating of a relatively strong fear memory, it would be interesting to know
whether other behavioral approaches targeting the process of reconsolidation will
be effective in weakening the original fear memory. Indeed, some cognitive
behavioral interventions (e.g., behavioral experiments or rescripting) may already
capitalize on disrupting reconsolidation of the underlying fear memories. Although
restrictive in itself, translational research may contribute to unravel the optimal
and boundary conditions for updating fear memory through behavioral
manipulations.
In sum, we demonstrated that a permanent reduction of fear can be realized
through targeting the process of reconsolidation. Of course, experimental models
of human fear (i.e., Pavlovian fear conditioning) are an oversimplification of the
complexity of pathological fear and its related disorders. At the same time,
Pavlovian fear conditioning is an excellent model to unravel the processes and
mechanisms underlying human fear memory, which may eventually culminate in
strategies to improve the effectiveness of therapies for anxiety disorders.
Acknowledging that disrupting reconsolidation is only a proof of principle, at least,
we may conclude that it clearly outperformed the traditional extinction learning.
Hence, disrupting reconsolidation may point to a novel therapeutic strategy for
treating patients suffering from anxiety disorders and other psychiatric disorders.

References
Anderson, J. R., & Bower, G. H. (1974). A propositional theory of recognition memory.
Memory & Cognition, 2, 406-412.
Baeyens, F., Eelen, P., & Van den Bergh, O. (1990). Contingency awareness in evaluative
conditioning: A case for unaware affective-evaluative learning. Cognition & Emotion,
4, 3-18.
Bechara, A., Tranel, D., Damasio, H., & Damasio, A.R. (1996). Failure to respond
autonomically to anticipated future outcomes following damage to prefrontal
cortex. Cerebral Cortex , 6, 215-225.

211

Chapter 8
Bouton, M. E. (1993). Context, time, and memory retrieval in the interference paradigm
of Pavlovian learning. Psychological Bulletin, 114, 80-99.
Bouton, M. E. (2002). Context, ambiguity, and unlearning: sources of relapse after
behavioral extinction. Biological Psychiatry, 52, 976-986.
Brunet, A., Orr, S. P., Tremblay, J., Robertson, K., Nader, K., & Pitman, R. K. (2008).
Effect of post-retrieval propranolol on psychophysiological responding during
subsequent script-driven traumatic imagery in post-traumatic stress disorder.
Journal of Psychiatry Research, 42, 503-506.
Büchel, C., Moris, J., Dolan, R.J., & Friston, K.J. (1998). Brain systems mediating aversive
conditioning: an event-related fMRI study. Neuron, 20, 947-957.
Chan, W. Y. M., Leung, H. T., Westbrook, F., & McNally, G. P. (2010). Effects of recent
exposure to a conditioned stimulus on extinction of Pavlovian fear conditioning.
Learning & Memory, 17, 512-521.
Charney, D. S., Woods, S. W., Goodman, W. K., & Heninger, G. R. (1987).
Neurobiological mechanisms of panic-anxiety: biochemical and behavioural
correlates of yohimbine-induced panic attacks. American Journal of Psychiatry, 44,
1030-1036.
Chaundhry, A., & Granneman, J. G. (1999). Differential regulation of function responses
by β-adrenergic receptor subtypes in brown adipocytes. American Journal of
Physiology, 227, 137-153.
Clem, R. L., & Huganir, R. L. (2010). Calcium-Permeable AMPA Receptor Dynamics
Mediate Fear Memory Erasure. Science, 330, 1108-1112.
Craske, M. G. (1999). Anxiety Disorders: Psychological Approaches to Theory and
Treatment. Boulder: Westview Press.
Critchley, H.D., Elliott, R., Mathias, C.J., & Dolan, R.J. (2000). Neural activity relating to
generation and representation of galvanic skin conductance responses: a functional
magnetic resonance imaging study. Journal of Neuroscience, 20, 3033-3040.
Critchley, H.D., Melmed, R.N., Featherstone, E., Mathias, C.J., & Dolan, R.J. (2001). Brain
activity during biofeedback relaxation - A functional neuroimaging investigation.
Brain, 124, 1003-1012.
Critchley, H.D., Melmed, R.N., Featherstone, E., Mathias, C.J., & Dolan, R.J. (2002).
Volitional control of autonomic arousal: a functional magnetic resonance study.
NeuroImage, 16, 909-919.
Davis, M. (2006). Neural systems involved in fear and anxiety measured with fear
potentiated startle. American Psychologist, 61, 741-756.
Davies, M. F., Tsui, J., Flannery, J. A., Li, X., DeLorey, T. M., & Hoffman, B. B. (2004).
Activation of α2 Adrenergic Receptors Suppresses Fear Conditioning: Expression of

212

General Discussion
c-Fos and Phosphoralated CREB in Mouse Amygdala. Neuropsychopharmacology,
29, 229-239.
Dębiec, J., & LeDoux, J. E. (2004). Disruption of reconsolidation but not consolidation of
auditory fear conditioning by noradrenergic blockade in the amygdala.
Neuroscience, 129, 267-272.
Dębiec, J., Doyère, V., Nader, K., & LeDoux, J. E. (2006). Directly reactivated, but not
indirectly reactivated, memories undergo reconsolidation in the amygdala. PNAS,
103, 3428-3433.
Dudai, Y. (2006). Reconsolidation: The advantage of being refocused. Current Opinion in
Neurobiology, 16, 174-178.
Eisenberg, M., Kobilo, T., Berman, D. E., & Dudai, Y. (2003). Stability of retrieved
memory: inverse correlation with trace dominance. Science, 301, 1102-1104.
Filion, D. L., Dawson, M. E., Schell, A. M., & Hazlett, E. A. (1991). The relationship
between skin conductance orienting and the allocation of processing resources.
Psychophysiology, 28, 410-424.
Foa, E. B., & Kozak, M. J. (1986). Emotional processing of fear: Exposure to corrective
information. Psychological Bulletin, 99, 20-35.
Foa, E. B., Steketee, G., & Rothbaum, B. O. (1989). Behavioral/cognitive
conceptualizations of post-traumatic stress disorder. Behavior Therapy, 20, 155-176.
Forcato, C., Burgos, V.L., Argibay, P.F., Molina, V.A., Pedreira, M.E., & Maldonado, H.
(2007). Reconsolidation of declarative memory in humans. Learning & Memory, 14,
295-303.
Forcato, C., Argibay, P.F., Pedreira, M.E., & Maldonado, H. (2009). Human
reconsolidation does not always occur when a memory is retrieved: The relevance
of the reminder structure. Neurobiology of Learning and Memory, 91, 50-57.
Frederikson, M., Furmark, T., Olsson, M.T., Fischer, H., Andersson, J., & Langstrom, B.
(1998). Functional neuroanatomical correlates of electrodermal activity: a positron
emission tomographic study. Psychophysiology, 35, 179-185.
Gilman, A. G., & Goodman, L. S. (1996). Goodman and Gilman’s the pharmacological
basis of therapeutics. New York: McGraw-Hill.
Hamm, A. O., & Vaitl, D. (1996). Affective learning: Awareness and aversion.
Psychophysiology, 33, 698-710.
Hamm, A. O., & Weike, A. I. (2005). The neuropsychology of fear learning and fear
regulation. International Journal of Psychophysiology, 57, 5-14.
Han, J.-H., Yiu, A. P., Cole, C. J., Hsiang, H.-L., Neve, R. L., & Josselyn, S. A. (2008).
Increasing CREB in the auditory thalamus enhances memory and generalization of
auditory conditioned fear. Learning & Memory, 15, 443-453.

213

Chapter 8
Hupbach, A., Gomez, R., Hardt, O., & Nadel, L. (2007). Reconsolidation of episodic
memories: A subtle reminder triggers integration of new Information. Learning &
Memory, 14, 47-53.
Jockers, R., Issad, T., Zilberfarb, V., de Coppet, P., Marullo, S., & Strosberg, A. D. (1998).
Desensitization of the β-adrenergic response in human brown adipocytes.
Endocrinology, 139, 2676-2684.
Josselyn, S. A., Chanjun, S., Carlezon Jr., W. A., Neve, R. L., Nestler, E. J., & Davis, M.
(2001). Long-Term Memory Is Facilitated by cAMP Response Element-Binding
Protein Overexpression in the amygdala. Journal of Neuroscience, 21, 2404-2412.
Kindt, M., & Soeter, M. (2011). Reconsolidation in a Human Fear Conditioning Study: A
Test of Extinction as Updating Mechanism. Biological Psychology, doi:
10.1016/j.biopsycho.2011.09.016.
Laxmi, T. R., Stork, O., & Pape, H.-C. (2003). Generalisation of conditioned fear and its
behavioural expression in mice. Behavioral Brain Research, 145, 89-98.
LeDoux, J. E. (1995). Emotion: Clues from the brain. Annual Review of Psychology, 46,
209-235.
Lee, J. L. C., Ciano, P., Thomas, K. L., & Everitt, B. J. (2005). Disrupting Reconsolidation of
Drug Memories Reduces Cocaine-Seeking Behavior. Neuron, 47, 796-801.
Lee, J. L. C., Milton, A. L., & Everitt, B. J. (2006). Reconsolidation and Extinction of
Conditioned Fear. Journal of Neuroscience, 26, 10051-10056.
Lee, J. L. C. (2009). Reconsolidation: maintaining memory relevance. Trends in
Neuroscience, 32, 413-420.
Lissek, S., Biggs, A. L., Rabin, S. J., Cornwell, B. R., Alvarez, R. P., Pine, D. S., & Grillon, C.
(2008). Generalization of conditioned fear-potentiated startle in humans:
Experimental validation and clinical relevance. Behavioral Research and Therapy, 46,
678-687.
Lovibond, P. F., & Shanks, D. R. (2002). The role of awareness in Pavlovian conditioning:
Empirical evidence and theoretical implications. Journal of Experimental Psychology,
28, 3-26.
McGaugh, J. L., & Roozendaal, B. (2009). Drug enhancement of memory consolidation:
historical perspective and neurobiological implications. Psychopharmacology, 202,
1-14.
Mineka, S., & Öhman, A. (2002). Phobias and Preparedness: The Selective, Automatic,
and Encapsulated Nature of Fear. Biological Psychiatry, 52, 927-937.
Mineka, S., & Zinbarg, R. (2006). A contemporary learning theory perspective on the
etiology of anxiety disorders: It’s not what you thought it was. American
Psychologist, 6, 10-26.

214

General Discussion
Monfils, M.-H., Cowansage, K. K., Klann, E., & LeDoux, J. E. (2009). Extinctionreconsolidation boundaries: Key to persistent attenuation of fear memories.
Science, 324, 951-955.
Mueller, D., Porter, J. T., & Quirk, G. J. (2008). Noradrenergic signaling in infralimbic
cortex increases cell excitability and strengthens memory for fear extinction. Journal
of Neuroscience, 28, 369-375.
Myers, K. M., & Davis M. (2002). Behavioral and neural analysis of extinction. Neuron,
36, 567-584.
Nader, K., Schafe, G. E., & LeDoux, J. E. (2000). Fear memories require protein synthesis
in the amygdala for reconsolidation after retrieval. Nature, 406, 722-726.
Nader, K. (2003). Memory traces unbound. Trends in Neuroscience, 26, 65-72.
Ouyang, M., & Thomas, S. A. (2005). A requirement for memory retrieval during and
after long-term extinction learning. PNAS, 102, 9347-9352.
Pedreira, M. E., & Maldonado, H. (2003). Protein synthesis subserves reconsolidation or
extinction depending on reminder duration. Neuron, 38, 863-869.
Pedreira, M. E., Pérez-Cuesta, K. M., & Maldonado, H. (2004). Mismatch between what
is expected and what actually occurs triggers memory reconsolidation or extinction.
Learning & Memory, 11, 579-585.
Peskind, E. R., Wingerson, D., Murray, S., Pascualy, M., Dobie, D. J., Le Corre, P., Le
Verge, R., Veith, R. C., & Raskind, M. A. (1995). Effects of Alzheimer’s disease and
normal aging on cerebrospinal fluid norepinephrine responses to yohimbine and
clonidine. Archives of General Psychiatry, 52, 774-782.
Phelps, E.A., O’Connor, K.J., Gatenby, J.C., Gore, J.C., Grillon, C., & Davis, M. (2001).
Activation of the left amgydala to a cognitive representation of fear. Nature
Neuroscience, 4, 437-441.
Rachman, S. (1977). The conditioning theory of fear acquisition: A critical examination.
Behavior Research and Therapy, 15, 375-387.
Rothbaum, B. O., & Davis, M. (2003). Applying learning principles to the treatment of
post-trauma reactions. Annual New York Academy of Science, 1008, 112-121.
Rothbaum, B. O., & Foa, E. B. (1993). Subtypes of posttraumatic stress disorder and
duration of symptoms. Washington DC: American Psychiatric Press.
Schiller, D., Monfils, M.-H., Raio, C. M., Johnson, D. C., LeDoux, J. E., & Phelps, E. A.
(2010). Preventing the return of fear in humans using reconsolidation update
mechanisms. Nature, 663, 49-53.
Strange, B.A., Kroes, M.C.W., Fan, J.E., & Dolan, R.J. (2010). Emotion Causes Targeted
Forgetting of Established Memories. Frontiers in Behavioral Neuroscience, 4, 175188.

215

Chapter 8
Sun, H. S., Green, T. A., Theobald, D. E. H., Laali, S., Shrikhande, G., Birnbaum, S., et al.
(2010). The pharmacological stressor yohimbine increases impulsivity through
activation of CREB in the orbitofrontal cortex. Biological Psychiatry, 67, 649-656.
Suzuki, A., Josselyn, S. A., Frankland, P. W., Masushige, S., Silva, A. J., & Kida, S. (2004).
Memory Reconsolidation and Extinction Have Distinct Temporal and Biochemical
Signatures. Journal of Neuroscience, 24, 4787-4795.
Taylor, J. R., Olausson, P., Quinn, J. J., & Torregrossa, M. M. (2009). Targeting extinction
and reconsolidation mechanisms to combat the impact of drug cues on addiction.
Neuropharmacology, 56, 186-195.
Thonberg, H., Fredriksson, J. M., Nedergaard, J., & Cannon, B. (2002). A novel pathway
for adrenergic stimulation of cAMP-response-element-binding protein (CREB)
phosphorylation: mediation via α1-adrenoceptors and protein kinase C activation.
Biochemical Journal, 264, 73-79.
Tronson, N. C., & Taylor, J. R. (2007). Molecular mechanisms of memory
reconsolidation. Nature Reviews, 8, 262-275.
Wang, S.-H., Oliveira Alvares, L., & Nader, K. (2009). Cellular and systems mechanism of
memory strength as a constraint on auditory fear reconsolidation. Nature
Neuroscience, 12, 906-913.
Weike, A. I., Schupp, H. T., & Hamm, A. O. (2007). Fear acquisition requires awareness
in trace but not delay conditioning. Psychophysiology, 44, 170-180.
Williams, L.M., Phillips, M.L., Brammer, M.J., Skerrett, D., Lagopoulos, J., Rennie C.,
Bahramali, H., Olivieri, G., David, A.S., Peduto, A., & Gordon, E. (2001). Arousal
Dissociates Amygdala and Hippocampal Fear Responses: Evidence from
Simultaneous fMRI and Skin Conductance Recording. NeuroImage, 14, 1017010179.

216

Summary

Summary

Since the dawn of psychology at the end of the nineteenth century,
psychologists and psychiatrists have tried with dozens of treatments to change
undesired emotional memory. Though some progress has been made, even a
successful treatment such as ‘exposure therapy’ leaves the emotional memory
intact, as is substantiated by the high percentages of relapse in spite of initial
treatment success. Once emotional memory has been established, it is held to be
forever. From an evolutionary perspective, it is extremely functional to never
forget the most important events in life. However, the putative indelibility of
emotional memory may also become harmful and maladaptive, such as in patients
suffering from anxiety disorders. If emotional memory could be weakened or even
erased, then we might be able to eliminate the root of many psychiatric disorders,
such as posttraumatic stress disorder.
Recently, it was rediscovered in rats that fear memory is not necessarily
permanent but can change when retrieved. Upon their retrieval, items in longterm memory enter a labile, protein synthesis dependent state, in which they
might become sensitive to disruption. This process, called ‘reconsolidation’, thus
offers the opportunity to manipulate memory after it is formed and may therefore
point to a promising alternative strategy in the treatment of anxiety disorders.
Reconsolidation of fear memory can be influenced by neurobiological
manipulations during or shortly after the reactivation period. Propranolol HCl, a
noradrenergic -blocker, supposedly blocks the protein synthesis required for
reconsolidation. As a result, disrupting reconsolidation by administering
propranolol HCl ‘before’ or ‘after’ memory reactivation may lead to ‘permanent’
changes in the expression of human fear memory.
Pavlovian fear conditioning is a well-controlled experimental model to unravel
the processes and mechanisms underlying fear memory in humans. In a typical
fear conditioning procedure in the laboratory, a neutral or ambiguous stimulus
(i.e., CS; e.g., tone) acquires the capacity to elicit fear responses after the pairing
with an intrinsically aversive event (i.e., US; e.g., electric stimulus). Even though
Pavlovian fear conditioning is not necessarily the means through which human
fear originates, it offers an excellent model of ‘associative learning’, which is
considered to play an important role in the aetiology of anxiety disorders.
Extinction of Pavlovian conditioned fear by repeated presentations of the CS in the
absence of the aversive event (i.e., US) is viewed as the experimental model for
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‘exposure therapy’. Notably, rather than ‘erasure’, fear extinction solely involves
the formation of a new inhibitory memory trace that acts to inhibit or competes
with the original fear association. Animal and human studies indeed show that a
variety of post extinction processes can uncover the original fear memory,
including the presentation of unsignaled USs (i.e., reinstatement), a context
change (i.e., renewal), simply allowing time to pass (i.e. spontaneous recovery) or
fear reacquisition. From a clinical perspective, post extinction retrieval effects may
provide the mechanisms of relapse after successful ‘exposure therapy’. At the
same time, post extinction retrieval techniques offer a potent means to trigger the
original fear memory in the experimental setting. Accordingly, the Pavlovian fear
conditioning paradigm is well suited to investigate whether targeting the process
of reconsolidation results in a ‘permanent’ reduction of fear responding.
Using such a differential fear conditioning procedure with fear-relevant
stimuli (i.e., pictures of spiders), we tested in Chapter 2 whether disrupting
reconsolidation by the oral administration of propranolol HCl prior to memory
reactivation would diminish fear responding and prevent the return of fear relative
to placebo pill. We employed fear-relevant stimuli because they lead to a superior
conditioning of aversive associations and are especially resistant to extinction
learning compared with fear-irrelevant cues. Moreover, given that most anxiety
disorders are associated with these categories of stimuli, we are specifically
interested in targeting stronger fear memory. Testing included different phases
across three consecutive days each separated by 24 hr. During acquisition (i.e., day
1), one of the slides (i.e., CS1+) was repeatedly paired with an aversive electric
stimulus (i.e., US), while the other slide (i.e., CS2-) was not. Participants received
double-blind an oral dose of 40 mg of propranolol HCl or placebo pill 90 minutes
prior to memory reactivation (i.e., day 2). To determine whether the effect of
propranolol HCl requires the active retrieval of the fear memory, the propranolol
HCl drug was administered to another fear conditioned group without reactivation
of the memory. Memory retention was tested 24 hr later (i.e., day 3). In order to
maximize the likelihood of fear memory expression, ‘reminder shocks’ were
administered following extinction learning (i.e., day 3). Expression of fear memory
was measured using startle fear potentiation. Declarative knowledge of the fear
association was measured through online US expectancy ratings. Here, we
demonstrated that disrupting reconsolidation by administering propranolol HCl
prior to memory reactivation resulted in ‘amnesia’ for the emotional expression of
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the fear memory 24 hr later (i.e., startle fear responding). This reduction in startle
fear responding was critically dependent on the active retrieval of the fear
memory as the omission of memory reactivation after propranolol HCl intake
yielded normal fear responding. Interestingly, the propranolol HCl manipulation
left the declarative memory for the learned fear association (i.e., US expectancy
ratings) intact, but this knowledge no longer produced any emotional effects.
Hence, the pharmacological agent prior to memory reactivation specifically
targeted the emotional expression of the memory (i.e., startle fear responding),
thereby emphasizing the concept of multiple memory systems.
Since disrupting reconsolidation prevented the return of fear, the results from
Chapter 2 could have important clinical implications and thus asked for a solid
replication. Moreover, given the constructive nature of memories, the intact
recollection of the fear association (i.e., declarative knowledge) could eventually
‘rebuild’ the fear memory, resulting in the ‘spontaneous recovery’ of the startle
fear responding. Yet, if disrupting reconsolidation will be of value for clinical
practice, perseverance of the amnesic effects is desired. In Chapter 3, we
replicated our previous findings by showing that the administration of propranolol
HCl prior to memory reactivation ‘deleted’ the emotional expression of the fear
memory 24 hr later (i.e., startle fear responding). But most importantly, this effect
persisted at one month follow-up. Notably, the propranolol HCl manipulation not
only left the declarative memory for the acquired contingency (i.e., US expectancy
ratings) untouched, but also skin conductance discrimination. In addition, a close
association between declarative knowledge and skin conductance responding was
found. These findings are in line with the supposed double dissociation of fear
conditioning and declarative knowledge relative to the amygdala and
hippocampus in humans. They support the view that skin conductance responding
primarily reflects contingency learning, whereas startle fear responding is a rather
specific measure of fear. Furthermore, the results indicate the absence of a causal
link between the actual knowledge of a fear association and its fear response,
even though they often operate in parallel. Together, these data demonstrated
that memories may undergo reconsolidation at one level (i.e., amygdala fear
memory), while leaving the hippocampal-dependent declarative memory
untouched.
Although the findings from Chapters 2 and 3 could point to promising
interventions persistently erasing fear responses from trauma memory without
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affecting the actual recollection, the typical differential fear conditioning paradigm
(i.e., CS1+ vs. CS2-) did not allow any inference about the nature of the fear
memory ‘erasure’. That is, due to the systemic drug administration, the
attenuation of the startle fear responding could also have resulted from a more
diffuse effect of the propranolol HCl manipulation by reducing the fear-provoking
aspects of the aversive consequence itself. In considering clinical implications,
disrupting reconsolidation should not radically alter functional reactions to
potentially dangerous situations (i.e., US), but ‘selectively’ weaken the underlying
maladaptive fear association (i.e., CS1-US). At the same time, the fear reducing
effects should not be restricted to the feared cue itself considering that fear
generalization is a main characteristic of anxiety disorders. In Chapter 4,
Experiment I and Experiment Ib, we addressed these issues by using a withinsubject differential fear conditioning paradigm allowing selective reactivation of
one of two categorically distinct fear associations sharing the same aversive
outcome and a test of fear generalization. In Experiment II, we tested whether a
behavioral approach targeting the reconsolidation through extinction learning was
also effective in weakening the original fear memory. A behavioral procedure is
evidently preferred over drug manipulations provided that similar effects can be
obtained. Here, the extinction procedure subsequent to retrieval did not
‘eliminate’ the emotional expression of the fear memory as the retrieval
techniques (i.e., reminder shocks, reacquisition) unveiled a return in startle fear
responding. In contrast, the propranolol HCl manipulation during reconsolidation
selectively ‘neutralized’ the fear-arousing aspects of the memory (i.e., startle fear
responding) along with its category-related information. Furthermore, the
pharmacological manipulation rendered the core memory trace too weak to
observe fear generalization after successful reacquisition. Given that three-trial
fear acquisition in naïve participants was sufficient to produce a generalized fear
response (i.e., Experiment Ib), relearning following the disruption of
reconsolidation seemed to be qualitatively different from initial learning (i.e.,
Experiment I). Together, the findings from Chapter 4 demonstrated that disrupting
reconsolidation by the propranolol HCl drug, although selective, undermined the
generalization of fear responding.
Considering that fear generalization lies at the heart of many anxiety disorder,
the findings from Chapter 4 could have important clinical implications. However,
there are a number of experimental conditions (i.e., boundary conditions) that
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may prevent reconsolidation from occurring, such as the ‘strength of training’. If
we are to target reconsolidation in patients suffering from posttraumatic stress
disorder, the strength of the memory should evidently not act as a boundary
condition on reconsolidation. Although ample evidence in animals and humans
supports the role of ‘noradrenaline’ in the formation of emotional memory, the
effects of stress hormones on human ‘associative’ fear memory previously
remained unknown. Therefore, we first tested in Chapter 5 whether stimulation of
the noradrenergic system during memory formation by the administration of
yohimbine HCl would strengthen the emotional expression of fear memory in
humans. Here, the administration of yohimbine HCl contrary to placebo pill
extensively delayed the process of extinction learning and generated a superior
recovery of fear (i.e., reinstatement, reacquisition) 48 hr later. On the other hand,
the yohimbine HCl manipulation did not affect the skin conductance responding
and US expectancy ratings, again emphasizing the concept of multiple memory
systems. Together, these data demonstrated that increased noradrenaline release
during or shortly after a stressful event strengthens the emotional expression of
human ‘associative’ fear memory and suggest that noradrenaline may play an
important role in the aetiology and maintenance of anxiety disorders.
Next, in Chapter 6, we tested whether the noradrenergic strengthening of
fear memory would impair the disruption of reconsolidation by again using a
within-subject differential fear conditioning procedure allowing selective
reactivation of one of two fear associations. In Experiment I, participants received
double-blind an oral dose of yohimbine HCl or placebo pill prior to fear acquisition
(i.e., day 1). Reconsolidation of one of the fear associations was manipulated by
the administration of propranolol HCl prior to its selective reactivation (i.e., day 2).
In Experiment II, we administered the -blocker after reactivation of the memory
in order to discard the effect of the propranolol HCl manipulation on the memory
retrieval itself. Here, the excessive release of noradrenaline during ‘memory
formation’ not only delayed the process of extinction 48 hr later but also triggered
broader fear generalization. Yet, the propranolol HCl manipulation during
reconsolidation selectively ‘neutralized’ the fear-arousing aspects of the
noradrenergic strengthened memory and undermined the generalization of fear
responding. We observed a similar reduction in fear responding when propranolol
HCl was administered after reactivation of the memory. Together, the results
demonstrated the involvement of noradrenergic modulation in the formation as
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well as generalization of human fear memory. Given that the noradrenergic
strengthening of fear memory impaired extinction learning but not the disruption
of reconsolidation, the findings from Chapter 6 could further have important
implications for the treatment of anxiety disorders.
In the above chapters on reconsolidation (i.e., Chapters 2, 3, 4, and 6), we
provided ample evidence that disrupting reconsolidation attenuates the emotional
expression of fear memories (i.e., startle fear responding). However, for the
feasibility of reconsolidation in psychotherapy, disrupting reconsolidation should
also diminish the subjective feelings of anxiety. In Chapter 7, we addressed this
issue by using an ‘instructed’ fear learning paradigm in which a noxious event (i.e.,
‘electric stimulus’) is anticipated but never actually experienced. Here, adrenergic receptor blockade during reconsolidation strongly diminished the
emotional expression of the ‘instructed’ fear memory (i.e., startle fear responding)
as well as the subjective feelings of anxiety 24 hr later, yet without affecting both
the ‘physiological’ and ‘cognitive’ component of the anticipation of threat (i.e.,
skin conductance responding, US expectancy ratings). Together, these findings
suggest that the various memory expressions of a single learned fear association
not necessarily undergo reconsolidation in harmony. Considering that patients
with anxiety disorders often fear objects and situations that they have never
actually experienced, and primarily suffer from the subjective feelings of anxiety, it
seems that disrupting reconsolidation is on the verge of clinical application.
In the general discussion, presented in Chapter 8, the main findings of the
studies in this thesis are discussed. We end by stating that disrupting
reconsolidation allows for the modification of the underlying fear association,
which not only results in a permanent reduction of fear but also undermines the
generalization of fear responding, a main characteristic of anxiety disorders. Yet,
while in the present thesis the propranolol HCl manipulation during
reconsolidation targeted the emotional expression of fear memories (i.e., startle
fear responding) as well as the subjective feelings of anxiety, the anticipation of
threat remained untouched (i.e., skin conductance responding, US expectancy
ratings). First, this dissociation clearly emphasizes the concept of multiple memory
systems. Second, it indicates that the specific reactivation conditions to transform
fear memories from a fixed state to one that is amenable to change differ for the
various aspects of fear memories. Undeniably, experimental models of human fear
(i.e., Pavlovian fear conditioning) are an oversimplification of the complexity of
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pathological fear and its related disorders. Acknowledging that disrupting
reconsolidation is only a proof of principle, at least, we may conclude that it clearly
outperformed the traditional extinction learning. Hence, disrupting
reconsolidation may point to a novel therapeutic strategy for treating patients
suffering from anxiety disorders. Chapter 8 closes with possible applications of
disrupting reconsolidation in clinical practice and suggestions for future research.
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Sinds het ontstaan van de psychologie aan het einde van de 19e eeuw hebben
psychologen en psychiaters middels talloze therapieën getracht om angsten terug
te dringen. Hoewel een zekere progressie is geboekt, laat zelfs een succesvolle
behandeling als ‘exposure therapie’ het angstgeheugen volledig intact. Ondanks
een aanvankelijk succesvolle behandeling keert hierdoor bij een groot deel van de
patiënten de angst terug. Wanneer een angst eenmaal is aangeleerd, is daar dus
moeilijk van af te komen. Vanuit een evolutionair opzicht is het dan ook
buitengewoon functioneel om belangrijke gebeurtenissen nooit te vergeten. Maar
de ‘onuitwisbaarheid’ van angst kan ook heel schadelijk zijn, zoals bij patiënten
met een posttraumatische stress stoornis. Wanneer wij in staat zouden zijn het
angstgeheugen te verzwakken of mogelijk zelfs te wissen, dan zouden in de
toekomst vele psychiatrische stoornissen - zoals de posttraumatische stress
stoornis - bij hun oorsprong kunnen worden aangepakt.
Recent werd in ratten ontdekt dat het angstgeheugen niet noodzakelijkerwijs
permanent is. Het ophalen van een oude herinnering zorgt er namelijk voor dat
het geheugenspoor in een labiele - eiwitsynthese afhankelijke - toestand belandt,
waarin het vatbaar is voor verandering. Dit proces, genaamd ‘reconsolidatie’,
biedt dus de mogelijkheid om het angstgeheugen te veranderen nadat het zich
heeft gevormd en kan daarom wijzen op een veelbelovende behandeling voor
angststoornissen. Het reconsolidatie-proces kan worden beïnvloed door
neurobiologische manipulaties tijdens of kort na het ophalen van het
angstgeheugen. Propranolol HCl - een noradrenerge -blokker - belemmert de
eiwitsynthese die nodig is voor het reconsolidatie-proces. Het verstoren van het
reconsolidatie-proces door de toediening van propranolol HCl voor of na het
ophalen van een herinnering zou dus ook bij mensen permanente veranderingen
in de expressie van angst teweeg kunnen brengen.
Angstconditionering is een goed experimenteel model om inzicht te krijgen in
de
onderliggende
mechanismen
van
angst.
In
een
doorsnee
conditioneringsonderzoek verwerft een neutrale dan wel ambigue stimulus (i.e.,
CS; e.g., toon) de capaciteit om een angstrespons te ontlokken nadat deze
herhaaldelijk gepaard is met een intrinsiek aversieve gebeurtenis (i.e., US; e.g.,
elektrische schok). Hoewel angstconditionering niet perse de basis vormt voor het
ontstaan van angst, is het een uitstekend model voor ‘associatief leren’, hetgeen
een centrale rol speelt in de ontwikkeling van angst. Het uitdoven van
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geconditioneerde angst door het herhaaldelijk presenteren van de CS zonder de
aversieve gebeurtenis (i.e., US) (i.e., extinctie-leren) wordt beschouwd als het
experimentele model voor ‘exposure therapie’. In plaats van het wissen van het
angstgeheugen veronderstelt men dat tijdens extinctie slechts een nieuwe
associatie wordt geleerd welke het originele angstgeheugen onderdrukt.
Onderzoek laat inderdaad zien dat na extinctie-leren verscheidene processen het
originele angstgeheugen kunnen opwekken, zoals het onaangekondigd
presenteren van de US (i.e., reinstatement), een verandering van de context (i.e.,
renewal), het simpelweg laten verstrijken van de tijd (i.e., spontaan hertstel), of
het opnieuw aanleren van angst (i.e., reacquisitie). Vanuit een klinisch perspectief
kunnen deze processen de terugkeer van angst na succesvolle exposure therapie
verklaren. Tegelijkertijd bieden deze technieken de mogelijkheid om het originele
angstgeheugen op te wekken in de experimentele setting. Vandaar dat het
angstconditioneringsparadigma bij uitstek geschikt is om te onderzoeken of het
verstoren van het reconsolidatie-proces resulteert in een permanente
vermindering van angst.
Met behulp van een dergelijk angstconditioneringsparadigma werd in
Hoofdstuk 2 onderzocht of het verstoren van het reconsolidatie-proces middels de
toediening van propranolol HCl (1) de angstrespons verminderde en (2) de
terugkeer van angst deed voorkomen. Het testen van proefpersonen vond plaats
op drie achtereenvolgende dagen die elk met 24 uur van elkaar gescheiden waren.
Op dag 1 van het onderzoek werd één afbeelding van een spin (i.e., CS1+)
herhaaldelijk gevolgd door een aversieve elektrische stimulus (i.e., US) op de pols
van de niet-dominante hand, terwijl een andere afbeelding van een spin nooit
werd gevolgd door de elektrische stimulus (i.e., CS2-). Op dag 2 ontvingen
proefpersonen 40 mg propranolol HCl - dan wel een placebo pil - 90 minuten
voorafgaand aan het ophalen van de herinnering. Om te bepalen of het effect van
propranolol HCl het actief reactiveren van het angstgeheugen vereist, werd
propranolol HCl ook toegediend aan een controle groep waarbij het geheugen niet
werd gereactiveerd. De effecten werden 24 uur later getest (i.e., dag 3). De mate
van angst werd gemeten met de startle reflex, een soort schrikreactie. Kennis
omtrent de angstassociaties werd bepaald middels schokverwachtingsmetingen.
De resultaten lieten zien dat het verstoren van het reconsolidatie-proces met
propranolol HCl de angstrespons 24 uur later volledig deed verdwijnen (i.e., startle
reflex). Deze vermindering van angst was in beslissende mate afhankelijk van het
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actief ophalen van het angstgeheugen daar in de controle groep de toediening van
propranolol HCl resulteerde in een ‘normale’ angstrespons. Opmerkelijk was
verder dat de proefpersonen nog wel een schok verwachtten (i.e.,
schokverwachtingsmetingen), maar deze kennis resulteerde niet langer in een
angstrespons. De propranolol HCl manipulatie voorafgaand aan het ophalen van
het angstgeheugen beïnvloedde dus enkel de emotionele expressie van het
geheugen (i.e., startle reflex), hetgeen wijst op het bestaan van verschillende
geheugensystemen.
Aangezien het verstoren van het reconsolidatie-proces de terugkeer van angst
deed voorkomen, zouden de resultaten van Hoofdstuk 2 wel eens belangrijke
klinische implicaties kunnen hebben. Vandaar dat wij om te beginnen deze
effecten wilden repliceren. Daarnaast zou - gezien het herstellende karakter van
het geheugen - de intacte kennis omtrent de angstassociaties (i.e.,
schokverwachting) kunnen leiden tot ‘spontaan herstel’ van de angstrespons. Wil
het verstoren van het reconsolidatie-proces echter van enige waarde voor de
klinische praktijk zijn, dan zijn lange-termijn effecten gewenst. In Hoofdstuk 3
repliceerden wij onze eerdere bevindingen door wederom aan te tonen dat de
toediening van propranolol HCl voorafgaand aan het ophalen van het geheugen de
angstrespons 24 uur later volledig deed verdwijnen (i.e., startle reflex). Maar nog
veel belangrijker, dit effect was er een maand later nog steeds. Bijzonder was
tevens dat propranolol HCl niet alleen de schokverwachtingsmetingen intact liet,
maar ook de huidgeleidingsrespons. Bovendien waren schokverwachting en
huidgeleidingsrespons sterk aan elkaar gerelateerd. Onze bevindingen
ondersteunen het idee dat de huidgeleidingsrespons voornamelijk
schokverwachtingsleren reflecteert (i.e., declaratief geheugen), terwijl de startle
respons een specifieke maat voor angst is. Verder wijzen de bevindingen erop dat
er geen causaal verband is tussen de verwachting van iets naars en een
angstrespons, ook al gaan deze vaak hand in hand. Al met al laten onze resultaten
zien dat het reconsolidatie-proces op één niveau van het angstgeheugen kan
plaatsvinden (i.e., amygdalar angstgeheugen), terwijl de hippocampus-afhankelijke
kennis (i.e., schokverwachtingsmetingen) intact blijft.
Hoewel de bevindingen uit Hoofdstuk 2 en 3 zouden kunnen leiden tot
veelbelovende behandelingen voor angststoornissen, stond het gebruikte
angstconditioneringsparadigma (i.e., CS1+ vs. CS2-) niet toe een uitspraak te doen
over de aard van de verdwijning van de angstrespons. Als gevolg van de
231

Samenvatting

‘systemische’ toediening van de -blokker zou de vermindering van de startle
respons namelijk ook het resultaat kunnen zijn van een meer algemeen effect van
de propranolol HCl manipulatie op de angstopwekkende aspecten van de
aversieve stimulus zelf (i.e., US). Wanneer de klinische implicaties in ogenschouw
worden genomen, dan zou het verstoren van het reconsolidatie-proces niet de
functionele reacties op gevaarlijke situaties (e.g., US) moeten wegnemen, maar
‘selectief’ de onderliggende angstassociatie moeten verzwakken (i.e., CS1-US).
Tegelijkertijd zouden de angstreducerende effecten niet beperkt moeten blijven
tot de ‘angstige cue’ (i.e., CS1) aangezien de generalisatie van angst kenmerkend is
voor angststoornissen. In Hoofdstuk 4, Experiment I en Experiment Ib, stelden we
deze kwesties aan de orde door gebruik te maken van een
angstconditioneringsparadigma wat toestond om (1) ‘selectief’ één van twee
verschillende angstassociaties met dezelfde aversieve consequentie (i.e., US) op te
halen en (2) te testen voor de generalisatie van angst. In Experiment II testten we
of een gedragsmatige aanpak welke het reconsolidatie-proces verstoort middels
extinctie-leren ook effectief was in het verzwakken van het originele
angstgeheugen. Een dergelijke gedragsmatige procedure is zeker te prefereren
boven een behandeling met medicijnen indien dezelfde effecten worden behaald.
De resultaten lieten echter zien dat extinctie-leren volgend op het reactiveren van
het geheugen de angstrespons (i.e., startle reflex) niet deed verdwijnen. Daar
tegenover stond dat de propranolol HCl manipulatie tijdens het reconsolidatieproces niet alleen ‘selectief’ de angstopwekkende aspecten van het geheugen (i.e.,
startle reflex) neutraliseerde, maar ook die van de aan het geheugen gerelateerde
informatie. De bevindingen van Hoofdstuk 4 lieten dus zien dat het verstoren van
het reconsolidatie-proces middels de toediening van propranolol HCl - zij het
selectief - de generalisatie van de angstrespons onderdrukt.
Wanneer in ogenschouw wordt genomen dat de generalisatie van angst een
hoofdkenmerk is van angststoornissen, zouden ook de bevindingen uit Hoofdstuk
4 wel eens belangrijke klinische implicaties kunnen hebben. Er zijn echter een
aantal experimentele omstandigheden (i.e., grenscondities) die het verstoren van
het reconsolidatie-proces zouden kunnen voorkomen - zoals de ‘sterkte’ van een
geheugen. Als we in de toekomst bijvoorbeeld het reconsolidatie-proces bij
patiënten met een posttraumatische stressstoornis willen verstoren, dan moet de
sterkte van het angstgeheugen natuurlijk geen beperking vormen. Hoewel er bij
zowel mens als dier veel bewijs is gevonden voor de rol die ‘noradrenaline’ speelt
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bij de vorming van emotioneel geheugen, was bij mensen het effect van
stresshormonen op het associatieve angstgeheugen nog onbekend. Vandaar dat
wij in Hoofdstuk 5 eerst hebben getest of - tijdens de vorming van geheugen - het
stimuleren van het noradrenerge systeem middels toediening van yohimbine HCl
resulteert in een versterkt angstgeheugen. De toediening van yohimbine HCl ten
opzichte van placebo pil bleek niet alleen het proces van extinctie-leren ernstig te
vertragen, maar ook te resulteren in een versterkte terugkeer van angst. Overigens
had de yohimbine HCl manipulatie geen invloed op de huidgeleidingsrespons en
de schokverwachtingsmetingen, wat wederom wijst op het bestaan van
verschillende geheugensystemen. Tezamen lieten deze resultaten zien dat een
verhoogde noradrenaline afgifte tijdens of kort na een stressvolle gebeurtenis het
associatieve angstgeheugen bij mensen versterkt. Verder suggereren onze
bevindingen dat noradrenaline een belangrijke rol kan spelen bij het ontstaan en
in stand houden van angststoornissen.
In Hoofdstuk 6 hebben wij vervolgens getest of een sterk angstgeheugen een
beperking vormt voor het verstoren van het reconsolidatie-proces. Hiervoor
gebruikten wij opnieuw een angstconditioneringsparadigma wat toestond om
‘selectief’ één van twee angstassociaties op te halen. In Experiment I kregen de
proefpersonen dubbelblind 20 mg yohimbine HCl of placebo pil voorafgaand aan
het aanleren van angst toegediend (i.e., dag 1). Het reconsolidatie-proces van één
van de twee angstassociaties werd gemanipuleerd door de toediening van 40 mg
propranolol HCl 90 minuten voor het selectief reactiveren van het geheugen (i.e.,
dag 2). Om de effecten van propranolol HCl op de geheugenreactivatie zelf uit te
sluiten, dienden we in Experiment II de -blokker na afloop van het ophalen van
het geheugen toe. Uit de resultaten bleek wederom dat de overmatige afgifte van
noradrenaline tijdens de vorming van geheugen het proces van extinctie-leren
sterk vertraagde en er verder ook voor zorgde dat de angst meer generaliseerde.
Desalniettemin bleek dat de propranolol HCl manipulatie tijdens het
reconsolidatie-proces ‘selectief’ de angstopwekkende aspecten van het
noradrenerg versterkte geheugen neutraliseerde en de generalisatie van de
angstrespons onderdrukte. Dezelfde effecten werden waargenomen wanneer
propranolol HCl werd toegediend na het ophalen van het geheugen. Tezamen
toonden deze resultaten de invloed van noradrenaline op zowel het aanleren als
de generalisatie van angst aan. Gegeven dat het versterken van het angstgeheugen
het proces van extinctie-leren verhinderde maar tegelijkertijd het verstoren van
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het reconsolidatie-proces met rust liet, zouden de resultaten van Hoofdstuk 6
belangrijke implicaties kunnen hebben voor de behandeling van angststoornissen.
In de bovengenoemde hoofdstukken over reconsolidatie (i.e., Hoofdstukken
2, 3, 4, and 6) werd veel ondersteuning gevonden voor de hypothese dat het
verstoren van het reconsolidatie-proces de emotionele expressie van het
angstgeheugen vermindert (i.e., startle reflex). Voor een effectieve toepassing
binnen de psychotherapie zou het verstoren van het reconsolidatie-proces ook de
subjectieve gevoelens van angst moeten doen verminderen. In Hoofdstuk 7
stelden wij deze kwestie aan de orde door gebruik te maken van een
angstconditioneringsparadigma waarbij een aversieve gebeurtenis (i.e., elektrische
schok) werd verwacht maar nooit daadwerkelijk werd ervaren. Uit dit onderzoek
bleek dat propranolol HCl tijdens reconsolidatie zowel de emotionele expressie
van het angstgeheugen (i.e., startle reflex) als de subjectieve gevoelens van angst
sterk deed verminderen. Aan de andere kant bleef de anticipatie op de dreiging
intact (i.e., huidgeleidingsrespons, schokverwachtingsmetingen). Deze bevindingen
suggereren dat de verschillende geheugenexpressies van één en dezelfde
angstassociatie niet tegelijkertijd het reconsolidatie-proces ondergaan. Indien in
ogenschouw wordt genomen dat patiënten met angststoornissen vaak bang zijn
voor objecten en situaties die ze nooit daadwerkelijk hebben gezien of ervaren, en
daarnaast vooral lijden onder de subjectieve gevoelens van angst, lijkt de klinische
toepassing van reconsolidatie binnen handbereik.
In de algemene discussie, Hoofdstuk 8, worden de belangrijkste bevindingen
van dit proefschrift besproken. We concluderen dat het verstoren van het
reconsolidatie-proces de onderliggende angstassociatie kan doorbreken, wat niet
alleen resulteert in een permanente vermindering van angst maar ook de
generalisatie van angst - hetgeen een belangrijk kenmerk van angststoornissen is voorkomt. Tevens komt in dit proefschrift naar voren dat de toediening van
propranolol HCl tijdens het reconsolidatie-proces zowel de emotionele expressie
(i.e., startle respons) als de subjectieve gevoelens van angst doet verminderen,
maar daarentegen de anticipatie op de dreiging intact laat (i.e.,
huidgeleidingsrespons, schokverwachtingsmetingen). Deze dissociatie wijst
allereerst op de aanwezigheid van meerdere geheugensystemen. Daarnaast geeft
het aan dat de condities voor het plaatsvinden van het reconsolidatie-proces
verschillen voor de verscheidene aspecten van één en hetzelfde angstgeheugen.
Hoewel wij erkennen dat het verstoren van het reconsolidatie-proces slechts een
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‘proof of principle’ is, kunnen we ten minste concluderen dat het effectiever is dan
het traditionele proces van extinctie-leren. Derhalve zou het verstoren van het
reconsolidatie-proces in de toekomst wel eens kunnen leiden tot een nieuwe
strategie voor de behandeling van patiënten die lijden aan angststoornissen.
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