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ABSTRACT

Fear and anxiety-related disorders are characterised by malfunctioning extinction learning and extensive strengthening of emotional memories facilitated by noradrenaline (NA). In an attempt to treat patients with traumatic memories interest has switched to modulating emotional memories by NA blockade following memory (re)consolidation and beta blockers have been proposed for administration in combination with psychotherapy. However, the effect of beta blockers on extinction learning, and therefore their potential role in psychotherapeutic interventions and the ultimate fate of fear expression remain unclear. Therefore, we conducted an fMRI study examining the effects of beta-adrenergic blockade on extinction learning, extinction recall and reinstatement of fear, as well as the neural networks involved in the regulation of consolidated fear memories. Fifty-four subjects participated in a double-blind, placebo-controlled, between-subject study, which took place over three consecutive days. On Day 1 participants were conditioned to two stimuli one of which was electric shock reinforced.  On Day 2, after a single dose administration of β1β2-adrenergic receptor antagonist propranolol or placebo, participants were exposed to a context-dependent extinction learning paradigm. On Day 3, extinction recall and reinstatement of fear was tested. Skin conductance response was measured as an index of conditioned responses throughout the experiment and fMRI data was collected on Day 2 and Day 3.We report that beta blockade abolishes differentially conditioned responses during extinction learning and subsequently prevents the return of fear 24 hours later. These effects are attributable to changes in the neural network of extinction, where propranolol affected activity in the vmPFC, the dACC, and the midbrain. These findings indicate that beta blockade eliminates and prevents the return of fear via the impedance of differential responses to CS+ and CS- during extinction learning and provide face validity to clinical interventions employing beta-adrenergic antagonists in conjunction with extinction learning during psychotherapy to reduce anxiety disorders symptomatology.
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INTRODUCTION

Anxiety and fear related disorders are known as “the epidemic of the 21stcentury” and are affecting a high number of people worldwide. Epidemiological surveys estimate that 18% of Americans are affected (Kessler Rc, 2005) and similar numbers are reported for other continents too. Such a high spread has consequences for patients, their family, work and social environment. It still remains a significant challenge to find an efficient treatment of fear and anxiety disorders, possibly by optimising the combination of psycho- and pharmaco-therapy. Nowadays, a possible treatment is psychotherapy, such as cognitive behavioural therapy (e.g. exposure therapy), which incorporates methods of extinction learning. Fear and anxiety-related disorders (like PTSD) are thought to be characterised by malfunctioning extinction learning and extensive strengthening of emotional memories facilitated by noradrenaline (NA) secretion. In an attempt to prevent traumatic memories interest has switched to modulating emotional memories by NA blockade following memory (re)consolidation and beta blockers have been proposed for administration to patients with traumatic memories (e.g.  PTSD patients) (Pitman et al., 2002) (Brunet et al., 2008). Since an effective treatment for emotional disorders is psychotherapy, this would mean that in most cases beta blockers would be administered in combination with psychotherapy. However, the effect of beta blockers on extinction learning, and therefore their potential role in psychotherapeutic interventions and the ultimate fate of fear expression remain unclear. This study intends to fill this gap. 
	Investigation of this topic is timely. In an attempt to modulate fear memories recent studies have shown erasure of fear memory by combining noradrenergic blocker propranolol and reconsolidation processes that are based on a single, time limited retrieval of the fear memory (Kindt, Soeter, & Vervliet, 2009; Nader & Hardt, 2009; Schiller et al., 2010). This practice is of reduced practicality exactly due to this single reactivation. Traumatic memories are intrusive thus repetitively retrieved. Therefore, a single reactivation of fear memory, if not impossible, rarely occurs. Additionally, when it comes to therapy, even if a psychotherapist would target the so called reconsolidation window and only reactivate a single traumatic memory, patients would be repeatedly retrieving this experience when they would go home: they would expose themselves repeatedly to the memory (Bos, Beckers, & Kindt, 2012). This repeated exposure to the traumatic memory without the actual presence of the aversive stimulus thought, opposes to the nature of a single reactivation, and is related more to the extinction process. Indeed, most therapeutic practices have their bases on extinction learning (i.e exposure based cognitive behavioural therapy) and repeated retrieval is in line with the very nature of emotional disorders where emotional memories are intrusive. Despite this controversy, thought, the effects of noradrenergic blockage on extinction learning remains highly unknown.  



Terminology 
Extinction has arisen from Pavolvian conditioning research and both conditioning and extinction learning are used as experimental models for studying fear, anxiety, and safety learning. In Pavlovian conditioning a neutral event such as an image (conditioned stimulus or CS) is paired with an aversive event such as a shock (unconditioned stimulus or US). After several pairings of the image and the shock, the presentation of the image itself leads to a fear response (conditioning response or CR). 
Extinction is the repeated presentation of the conditioned stimulus (CS) without the unconditioned stimulus (US), which can lead to reduced conditioned responses (CRs). Extinction is defined as new learning of an inhibitory association that masks the original excitatory association and therefore decreases fear responses. This means that extinction does not erase a CS-US association (fear memory) but creates a competing CS-no US association (extinction memory) (Milad, Wright, et al., 2007; Myers & Davis, 2006). Thus, after extinction training, a new memory trace is created which does not erase the CR memory but inhibits it (Milad, Rauch, Pitman, & Quirk, 2006; Myers & Davis, 2006; Phelps, Delgado, Nearing, & LeDoux, 2004).  The conditioned memory trace (which expresses fear) and the extinction memory trace (which inhibits fear) coexist and compete with each other. Due to the mechanism of extinction learning, safety learning occurs. This is the reason why extinction learning is used as a treatment for anxiety disorders in Cognitive Behavioural Therapy. After fear extinction, the fear can be reinstated (Rescorla & Heth, 1975).  Reinstatement is the reappearance of extinguished fear responses following unsignaled exposure to US (shock) after extinction training (Rescorla & Heth, 1975).  

Neuronal circuits of extinction learning
The neuronal circuits involved in extinction learning include the amygdala (LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998; Milad, Wright, et al., 2007; Phelps et al., 2004), the ventromedial prefrontal cortex (vmPFC), the medial prefrontal cortex (mPFC) including the dorsal anterior cingualte (dACC) ((Lang et al., 2009) (Milad, Quirk, et al., 2007; Phelps et al., 2004) the hippocampus (Myers & Davis, 2006) and the midbrain/ periaquadactal gray (PAG) (G. P. McNally, Lee, Chiem, & Choi, 2005; Gavan P. McNally, Pigg, & Weidemann, 2004).
In humans, functional connectivity analysis revealed a correlation between the vmPFC and the hippocampus, as well as between the vmPFC and the amygdala (Milad, Wright, et al., 2007). It has been suggested that during the acquisition of extinction a novel memory is created through amygdala-vmPFC interactions, which, following consolidation, leads to vmPFC inhibition of the central nucleus of the amygdala (CEA) and the PAG thus preventing the conditioned response(Milad et al., 2006). 
Another medial prefrontal region, namely the dACC, is an important hub in the neural circuit underlying conditioning and extinction. Dorsal ACC has been activated in human neuroimaging studies in conditioning and extinction tasks (Lang et al., 2009; Milad, Quirk, et al., 2007; Phelps et al., 2004). Although dACC consists part of the standard extinction circuit, its role on emotional memories and extinction is not clear. Dorsal ACC has been proposed to mediate/ modulate fear responses (Milad & Quirk, 2012; Milad, Quirk, et al., 2007) or exert control over the amygdala (Lang et al., 2009). The dACC in humans is homologue to the rodent prelimbic cortex (PL) (Chiba, Kayahara, & Nakano, 2001; Stefanacci et al., 1992). Rodent studies suggest that the PL increases fear responses and impairs extinction (Vidal-Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 2006). In line with this, human neuroimaging studies have shown that dACC thickness across individuals was positively correlated with conditioned fear responses to the CS+, dACC functional activation increased to the CS+ relative to the CS- during fear conditioning (Milad, Quirk, et al., 2007) and during extinction (Lang et al., 2009; Phelps et al., 2004), and dACC activity was positively correlated with differential SCR (Milad, Quirk, et al., 2007). The dACC projects to the BLA via excitatory projections (Brinley-Reed, Mascagni, & McDonald, 1995), therefore it is plausible that it mediates/ modulates fear expression through excitation of the amygdala. 
So, two mPFC regions, the vmPFC and the dACC (the rodent IL and PL cortices respectively), can modulate fear expression through descending projections to the amygdala. Whereas PL targets the basal nucleus of the amygdala, IL targets inhibitory areas such as the lateral division of the CEA and ITC. Therefore, the prefrontal cortex is not only an inhibitor but exerts dual control over fear expression via separate modules, each with access to separate inputs and outputs (Milad & Quirk, 2012; Sotres-Bayon, Bush, & LeDoux, 2004) 
Another key region in emotion processing and extinction is the insular cortex (Phelps et al., 2001; Yágüez et al., 2005). There are numerous reciprocal connections between the insula and the amygdala (Shi & Cassell, 1998). It has been proposed that insula plays a role in emotional learning, the acquisition of the cognitive representation of aversive nature of an event and that conveys a cortical representation of fear to the amygdala (Phelps et al., 2001).  

The role of Noradrenaline on extinction learning and recall
Noradrenaline (NA) is involved in anxiety and fear related disorders in two ways: first of all, noradrenergic blockers are being prescribed in anxiety disorders because they can prevent the physical symptoms that accompany them. Secondly, NA has long been implicated in emotional expression and the strengthening of memory for emotional and fearful experiences (Cahill & McGaugh, 1998). Excessive strengthening of emotional memories is a core problem in anxiety disorders such as posttraumatic stress disorder (PTSD), where one of the characteristic features is a recurrence of intrusive memories for an experienced trauma. The persistence of disturbing traumatic memories in PTSD is often explained in terms of a trauma-induced enhancement of memory encoding (Pitman, 1989). An increased noradrenergic activity during trauma enhances the encoding of emotional/fearful memory (O’Donnell, Hegadoren, & Coupland, 2004) and increased noradrenergic activity is also implied in the maintenance of PTSD symptoms (Geracioti et al., 2001). In light of the findings that involve NA on enhancement of emotional and fearful memories, recently, interest has switched to modulating memory for emotional experiences by NE blockade following consolidation and reconsolidation of fear memory (Cahill & McGaugh, 1998; Dębiec & Ledoux, 2004; Kroes, Strange, & Dolan, 2010; Nader, Schafe, & Le Doux, 2000). Based on these findings, NE blockers such as beta-adrenoreceptor antagonist propranolol have been proposed for administration in combination with psychotherapy in order to achieve a more efficient treatment of fear and anxiety disorders (Brunet et al., 2008). However, the effect of propranolol on extinction learning and the initial fear memory trace, and therefore its role for psychotherapeutic interventions, remains unclear. Research towards the effect of NA blockade on extinction learning and extinction memory trace has lead to mixed results (Cain, Blouin, & Barad, 2004; Mueller, Porter, & Quirk, 2008; Ouyang & Thomas, 2005). One possibly problematic consequence of NE blockers is that they may impair the retention of extinction memory and as such result in increase of fear responses. In line with this statement, Muller and colleagues (2008) showed that blockade of Infralimbic cortex (IL) beta-adrenergic receptors during extinction learning impairs extinction retention and a recent human study implicates that propranolol impaired extinction at a cognitive level (Bos et al., 2012). These findings question the effectiveness of combining NE blockers with psychotherapy and call for further investigation of this topic, as well as of the underlying neuronal circuits.  Therefore, we conducted a study investigating the neuronal mechanisms involved in extinction learning and examined the effects of NE blockade on extinction learning, extinction recall and reinstatement of fear. 
We conducted a double-blind, placebo-controlled and between-subjects experiment, which took place over three consecutive days. On Day 1 participants were conditioned to a stimulus via mild shock administration to the right index and middle finger, on Day 2 conditioned fear was extinguished, and on Day 3 extinction recall and fear reinstatement took place. Skin conductance measures were used to asses conditioned fear responses and BOLD fMRI data was collected during extinction learning, recall and reinstatement to assess neural activity and modulation by NE. To manipulate context we displayed visual CSs within photographs of two distinct rooms such that conditioning was performed in context A and extinction recall and reinstatement of fear in context B. An additional manipulation of the context is related to the fact that context A was presented in the dummy scanner while context B in the fMRI scanning lab. Finally, a partial reinforcement paradigm was used to slow extinction learning, which occurs rapidly in humans with 100% reinforcement (LaBar et al., 1998). 
We hypothesise that extinction learning relies on the “extinction network” involving the vmPFC, the dACC, the amygdala, the insula and the midbrain and that raised NA levels are critical for retention of safety associations. Therefore, NA blockade prior to extinction learning should impair extinction recall and lead to increased fear. 



MATERIALS AND METHODS

1. Participants
Fifty four participants (21 males and 33 females) with normal or corrected to normal vision, without neurological, psychiatric or cardio respiratory history participated in the study. Data of seven subjects were excluded due to technical problems (MRI data of 6 participants were excluded due to problems with Matlab server licence or MRI scanner failure and MRI data of one participant was excluded because the participant fell asleep during the task); therefore results from forty seven subjects are reported.  The placebo group comprised 24 subjects, 11 males and 13 females; the propranolol group comprised 23 subjects, 8 males and 15 females. Participants age ranged from 19 to 26 years (M= 21.65, S.D= 2.15). 
	All participants were assessed to be free from any current or previous medical or psychiatric condition that would contraindicate taking a single dose of 40 mg oral dose of propranolol (i.e., seizure disorder, respiratory disorder, cardiovascular disease etc.). Finally, additional exclusion criteria were applied to guarantee safety in the MRI scanner (i.e.: no claustrophobia, metal objects around the body etc). To avoid pregnant women and gonadal hormone fluctuations, we included women only if they were receiving hormonal contraceptives. Menstrual cycle position is also thought to influence the stress hormone response, with higher levels of salivary cortisol in response to psychosocial stress during the luteal phase compared to the follicular phase (Kirschbaum, Kudielka, Gaab, Schommer, & Hellhammer, 1999). 
Participants were randomly divided into two groups with different pharmacological treatment (non-selective b-adrenergic antagonist propranolol or placebo). Drug administration was double blind. Volunteers received either partial course credits or were financially compensated for their participation in the study. Written informed consent was obtained before the experiment and the experiment was carried in accordance with the local ethical review board (CMO Region Arnhem-Nijmegen, the Netherlands) and in accordance with the Helsinki declaration.

2. Independent variables
a. Drug administration
Participants were given placebo or propranolol. Propranolol is a non-selective beta blocker, which blocks noradrenergic action on both β1- and β2- adrenergic receptors. 
b. Tasks 
The experiment was conducted on three consecutive days, with each session at the same time of the day. 


Day 1: Conditioning Task
During the conditioning task a photographic picture depicting a room was presented. In this room a yellow or a blue light turned on constituting the conditioned stimuli: one light colour was electric shock- reinforced (CS+) and the other was not (CS-). The stimuli were pseudo-randomly presented with the restriction that the same number of shocks and same number of CS+ and CS- were presented during the first and the second half of the task. The colour light that would be shock reinforced was randomly selected for each participant and remained constant during the task. 
Presentation of stimuli followed after a habituation phase; CS- was presented 12 times and CS+ was presented 18 times (12 times not followed by a shock and 6 shock reinforced).  
Habituation phase consisted of six trials where the context picture was presented for 3 to 5 seconds (mean: 4 sec), followed by 4 sec in combination with the CS+ or CS-. During the actual task, the context picture was presented for 11-13 sec, (mean: 12 sec), followed by 4 sec in combination with the CS+ or CS-. During the task skin conductance and heart rate measures were obtained. In total, the conditioning task lasted 15 minutes (see figure 1). 
Day 2: Extinction Task
Following a habituation phase, participants were presented with the same two visual stimuli as on Day 1 but within a different contextual background. Although electrodes were attached, no shocks were administered during the extinction task. The habituation phase consisted of six trials where the context picture was presented for 3 to 5 seconds (mean: 4 sec), followed by 4 sec in combination with the CS+ or CS-. During the actual task, the context picture was presented for 11-13 sec, (mean: 12), followed by 4 sec in combination with the CS+ or CS-. The mean duration of fixation cross presentation was 12 sec. During the task skin conductance and fMRI data was acquired. In total, the task lasted 15 minutes (see figure 1).
Day 3: Extinction recall and reinstatement Tasks 
The Extinction recall task was the same as the extinction learning task (Day 2). During the reinstatement of fear task, during presentation of the contextual background alone (without the presentation of the cued stimuli), four unsignalled shocks were administered after 30, 100, 115, and 200 seconds. Consecutively, each stimulus was presented again without any shock administration. Task duration was 19 minutes. During all tasks skin conductance and heart rate was measured and fMRI data was acquired (see figure 1).
c. Electrical Shock application
Electrical stimulation was applied using a MAXTENSE 2000 device (ProtechInc, Wonjusi, Gangwon-do, Korea). This device is MRI compatible and provides constant current, high voltage pulses of brief duration. An electrical shock consisted of one 200 msec asymmetrical biphasic pulse with a pulsewidth of 250 μs at 150 Hz. The electrical shock was delivered transcutaneously over the volunteers' right index and middle finger. 


d. Stimuli 
Stimuli were two background pictures of similar and easily distinguishable rooms (Figure 1). These served as the experimental contexts: one context functioned as a background for conditioning and the other one functioned as the context for the extinction, and reinstatement tasks. The order of the context was counterbalanced across participants. In these contexts a lamp was present that would turn on to have a blue or a yellow colour. The coloured light served as the conditioning stimuli.  One of the coloured lights (e.g., the yellow) was followed by a shock while the second light (in this case blue) was never followed by a shock (SC-).  The CS type (yellow or blue) was counterbalanced across participants and the order of CS type (CS+ or CS-) presentation was counterbalanced across all phases of the experiment. 

3. Dependent variables
a. Vital signs 
Blood pressure and heart rate was measured with a sphygmomanometer (OMRON M6, Intellisense). 
b. Personality questionnaire
State-Trait Anxiety Inventory - TRAIT (STAI-T)
The State-Trait Anxiety Inventory (STAI) measures anxiety in a specific situation (state) or as a more general long lasting quality (trait). The subscale “Trait Anxiety Inventory” (STAI-T) measures anxiety as a more general long lasting quality (trait). Subjects indicate on a 4-point Likert scale for 20 statements to which degree these applied to them. Some of the questions related to absence of anxiety and are reversed scored. The range of scores is 20-80; higher scores indicate greater anxiety (Spielberger et al., 1970).
c. Mood questionnaires
Positive and negative affect scale (PANAS)
Subjective mood was assessed by obtaining scores on the positive and negative affect scale (PANAS). Ten items for positive and ten for negative affect had to be rated on a five-point scale ranging from 1-not at all to 5-extremely. A mean score was calculated for subjective positive and negative affect (Watson et al., 1988).
State-Trait Anxiety Inventory - STAIT (STAI-S)
The State-Trait Anxiety Inventory (STAI) measures anxiety in a specific situation (state) or as a more general long lasting quality (trait). The subscale “State Anxiety Inventory” (STAI-S) measures anxiety in a specific situation (state). STAI-S contains four-point Likert items; it serves as an indicator of the state anxiety and measures the severity of the overall anxiety levels. Some of the questions are related to the absence of anxiety and are reversed scored. The range of scores is 20-80 and the higher score indicates greater anxiety (Spielberger et al., 1970).
d. Skin Conductance Response
Galvanic skin conductance was recorded with a Brain amplifier recording device and Brain vision recorder software (Brain Products GmbH, Gilching, Germany. Skin conductance responses was measured via two silver-nitrate Ag/AgCl sensors on the palmar side of distal phalanges of the index and middle finger of the non-dominant hand with standard NaCl electrolyte gel. The skin conductance signal was amplified using MR compatible BrainAmp MR and BrainAmpExG MR (BrainProducts GmbH) within the MR environment, transmitted through an optical cable, and recorded outside the MR environment using BrainVision Recorder software. Data was continuously recorded at 5000 samples per second. 
e. fMRI 
[bookmark: _Toc286672165]MRI data acquisition was performed on a 3 Tesla Siemens Magnetom Trio scanner equipped with 32-channel transmit-receiver head coil (Siemens Medical System, Erlangen, Germany). The manufacturer’s automatic 3D-shimming procedure was performed at the beginning of each experiment. Subjects were placed in a light head restraint within the scanner to limit head movements during acquisition. The functional scans for the tasks and the localizer were acquired using a multi-echo gradient pulse sequence. 
Field Maps
A BoField Map was acquired using a gradient echo field map sequence using the following parameters: 64 axial slices aligned with AC-PC plane, slice thickness = 2.0 mm, interslice gap = 50%, repetition time (TR) = 1020 ms, echo time (TE1) = 10 ms, (TE2)= 12,45, flip angle α = 90°,   Voxel size= 3.5 x 3.5 x 2.0, FOV = 224. 
Functional Image acquisition
[bookmark: _Toc286672166]Functional images were acquired with single-shot gradient echo-planar imaging (EPI) sensitive to the blood-oxygenation level dependent (BOLD) response. We used parallel- acquiring inhomogeneity-desensitized fMRI (Poser et al, 2006). This is a multiecho planar imaging sequence, in which images are acquired at multiple time echos (TEs) using the following parameters: 37 axial slices aligned with AC-PC plane, slice thickness = 2.5 mm, interslice gap = 17%, repetition time (TR) = 2320 ms, echos time: TE1 = 9ms, TE2= 19.3 ms , TE3=30 ms, TE4= 40ms, flip angle α = 90°, Voxel size= 3.3 x 3.3 x 2.5, FOV = 211, fat suppression. The benefit of multi echo imaging is that it reduces image artifacts and obtains signal from areas sensitive to distortion (e.gvMPFC). The number of slices did not allow acquisition of a full brain volume in most participants. We made sure that the entire frontal and temporal lobes fitted within the field of view because these were the regions where the fMRI effects of interest were expected. This meant that data from the superior parietal lobe (data from the top of the head) was not acquired in several participants. 
Structural scan
[bookmark: _Toc286672164]A structural scan with a 3D magnetisation prepared rapid gradient echo (MPRAGE) sequence was acquired using the following parameters: 192 sagittal slices slice thickness= 1 mm, no slice gap, TR = 2300 ms, TE = 3.03 ms, voxel size= 1 x 1 x1 mm, FOV = 256.

4. Procedure
a. Visit 1: Safety Screening 
Subjects signed an informed consent form upon which they filled out a demographics and medical history questionnaire (Figure 1). Vital signs were measured:  heart-rate, blood pressure and base heart rate (10 sec and 60 sec). Blood pressure and heart rate during screening was measured as a safety measurement. Consecutively, personality questionnaires (including STAI-T) were administered. When subject met all inclusion and none of the exclusion criteria, they were randomly assigned to a placebo or propranolol group in a double blind procedure.
b. Procedure common to all experimental days 
Prior to the task participants’ hands were cleaned with alcohol and consecutively entered the dummy scanner where skin conductance and shock electrodes were attached to their fingers. The electrodes for the electrical shock were attached to the volunteers' dominant hand’s index and middle finger. The SCR electrodes were attached to the volunteers' non dominant hand’s index and middle finger. Consecutively, the electric shock device was set: participants underwent a staircase procedure to adjust the strength of electrical shocks in order to determine the level of the shock that would be administered during the experiment. The intensity level was set individually prior to the task to be maximally uncomfortable without being painful.  After the shock level was set, the tasks took place. During the tasks subjects lay in the dummy scanner or the fMRI scanner. All stimuli were visual material presented via a projector outside the scanner. Subjects viewed the screen via a nonmagnetic mirror. Stimuli were presented using Matlab software 2009b. Subjects were instructed to pay attention to the computer screen and were told that there is a relationship between the stimuli appearing on the screen and the shocks that they would receive. Throughout the sessions, the participants were attached to the SCR and shock electrodes. 
c. Visit 2: Experimental Day1 
On first experimental day, after the standard preparation described above and electric shock adjustment, the conditioning task took place in the dummy scanner. 
d. Visit 3: Experimental Day2
On the second experimental day, upon arrival (time point T1) participants’ vital signs were measured (blood pressure and heart rate) and their mood state was assessed using STAI-S, and  PANAS. Consecutively, propranolol or placebo pill was administered. The influence of propranolol on blood levels, heart rate and mood was assessed at different time points T1 (prior adminstartion), T2 (30 min after administration), T3 (60 min after administration) (Figure 1). Consecutively, participants underwent the standard procedure for finger cleaning, electrode attachment and electrical shock adjustment before the extinction learning task started in the fMRI scanner. Although electrodes were attached, no shocks were administered. During the task, skin conductance and heart rate were measured and fMRI data was acquired. Following the task completion, a structural scan (T1) was obtained.  Upon scanner exit, mood and vital signs were measured once more (time point T4), (Figure 1).Participants departed from the research centre only when vital signs were within safety limits and participants were encouraged to contact the researcher in case of queries or possible health related issues occurring  on that day. 
e. Visit 4: Experimental Day3
At the beginning of the third experimental day, vital signs and mood state were assessed at time point 1 (T1). Prior to the task participants underwent the standard procedure for finger cleaning, electrode attachment and electrical shock adjustment.  Consecutively, participants entered the MRI scanner and tasks were conducted in the following order: recall of extinction task, resting state scan, reinstatement and reextinction task (Figure 1). Upon exiting the scanner, at time point 2 (T2) vital signs and mood were measured and personality questionnaires were filled in. Following completion of the study subjects were debriefed on the aims and details of the study. 

[bookmark: _Toc286672179][image: ]
Figure 1. Experimental design. Safety screening, Conditioning on Experimental Day 1, drug supplementation and Extinction learning on Experimental Day 2, Extinction recall and Reinstatement of fear on Experimental Day 3. Time points (T1, T2, T3, and T4) present the time points at which vital signs were assessed and mood/personality questionnaires were administered 

DATA ANALYSIS 
1. Analysis of Questionnaires
All data analyses from questionnaires were performed with SPSS for Windows software package PASW Statistics 18. Significance criterion of α= 0.05 was used.

2. Skin Conductance Analysis
Skin conductance data was assessed using an in-house analysis programme written in Matlab 2009band using FieldTrip. Data was low-pass filtered at 5Hz and resampled to 100Hz. The level of skin conductance responses was determined for each trial as the peak-to-peak amplitude difference in skin conductance of the largest deflection in the latency window from 0-8 s after stimulus onset. The raw skin conductance responses were square root transformed to normalize the distributions.

3. fMRI Analysis
Pre-processing
[bookmark: _Toc286672169]fMRI data were processed and analyzed using the statistical software package SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm). The first six volumes were excluded to control for T1 equilibration effects. First field Maps were created to correct for effects of field (Bo) inhomogeneity and reduce image distortion and blurring (for toolbox and methods see (Cusack, Brett, & Osswald, 2003; Chloe Hutton et al., 2002; C. Hutton, Deichmann, Turner, & Andersson, 2004). For the fieldmaps, six movement parameters (three translations and three rotations) were extracted from the first echo of each volume and subsequently used to correct for rigid head movements in all four echoes of each volume. Subsequently, all four echoes were combined into a single volume using a weighted average. This was done in the following way: 26 brain volumes were used to calculate mean activation and standard deviation in each voxel for the four echoes. Consequently all four echoes were combined into a single volume using a weighted average. In the end these parameters were applied to the volumes acquired during the task. This was done in the following way: 26 brain volumes were used to calculate mean activation and standard deviation in each voxel for the four echoes. Consequently all four echoes were combined into a single volume using a weighted average. In the end these parameters were applied to the volumes acquired during the task. For each participant, the structural image was corregistered to template image, then the functional image to the template image and in the end the structural image to the mean functional image. Following this process, the corregistered images were segmented. After segmentation into grey and white matter, weighted and corregisteredfunctional images were spatially normalized - by applying the normalization parameters from the segmentation procedure -into a common stereotactic space (MNI 152 T1-template) and resampled to 2 × 2 × 2-mm3 isotropic voxels using trilinear interpolation. Finally, spatial smoothing to the functional images was applied with an isotropic 3D Gaussian kernel of 8 mm full-width half-maximum (FWHM). The distortion-corrected, realigned, weighted, normalized and smoothed images served as input to further statistical analysis.
General Statistics
Statistical analysis was performed within the framework of the general linear model. The combined and preprocessed time series were analyzed as an event related design and each condition was convolved with a hemodynamic response function (HRF) and used as a regressor. Additionally, realignment parameters were included to model potential movement artefacts. The data were high-pass filtered (cut-off 128s) to remove low-frequency signal drifts, and a first-order autoregressive model was used to model the remaining serial correlations(Friston et al., 2002). Contrast images of testing parameter estimates encoding condition-specific effects were created for each subject. 
The single-subject contrast images (conditioned stimuli vs. fixation) were entered into voxel-wise one-sample t-tests to assess main effects of task, and implemented in a second-level random effects analysis. This group analysis was a 2 (drug) x 2 (phase) x 2 (conditioned stimulus) mixed model analysis of variance. We report regions that survive cluster-level correction for multiple-comparisons (family-wise error, FWE) across the whole brain at p<0.05 using an initial height threshold of p < 0.001, unless otherwise indicated.  Correction for multiple comparisons was also conducted for the search volume of the vmPFC and the midbrain by using a small volume correction which was functionally defined based on prior literature (Kalisch, Korenfeld, et al., 2006) and (Hermans et al., 2011) respectively. 



RESULTS

Participants that did not show conditioned response to the reinforced stimuli on the first experimental day were excluded and replaced (eight in total). Out of the fifty four participants that finally participated in the study, MRI data of 7 participants were excluded due to technical failure on one of the experimental days (for details see also subjects). The placebo group comprised 24 subjects, 10 males and 13 females; the propranolol group comprised 23 subjects, 8 males and 15 females. Participants age ranged from 19 to 26 years (M= 21.65, S.D= 2.15). SCR data from two participants were excluded due to high noise SCRs that made the assessment of fear impossible.

Test for group differences in physiological and psychiatric background
Separate ANOVAs were performed to verify that there were no inherent differences between populations in each pharmacological group. No significant differences were observed; age (F1= 0.062, p=0.805), Trait anxiety as measured with STAI-T (F1=0.531, p=0.47), baseline heart rate (Welch test, F38.66= 0.703, p=0.407), systolic and diastolic Blood Pressure (F1= 0.200, p= 0.657, and F1= 0.055,  p=0.815).  
Effects of drug on blood pressure
There was no baseline systolic or diastolic BP differences between groups (t(46)= -0.124; p=0.902,  and t(46)= 0.589; p=0.559 two-tailed respectively). In line with previous findings (Kroes et al., 2010; Tollenaar, Elzinga, Spinhoven, & Everaerd, 2009) we observe a drop in systolic BP in the propranolol group (t(46)= -1.934; p= 0.029, one tailed) after 60 min but no drop in diastolic BP(t(46)= -0.354; p= 0.362, one tailed). This effect persisted also 120 min after administration, (t(46)= -1.922; p=0.030; for systolic) and (t(46)= 0.397; p=0.346 for diastolic) (Figure 2).
[image: ]Figure 2. Systolic and diastolic BP (in millimetres mercury) before placebo or propranolol administration (0 min), 60 min and 120 minutes later. No baseline difference in systolic or diastolic BP is present between groups. The propranolol group displays a significant reduction in systolic BP 60 and 120 min after administration. Error bars indicate SEM. *p< 0.05, one-tailed. 

Effects of drug on Mood Questionnaires
Positive and Negative Affect
Repeated measures ANOVA was performed on PANAS scores, by entering the factor time, with three levels and group as between- subjects factor to monitor mood over time and to see if there was an effect of the drug induction on positive or negative affect. First we tested negative affect. The factor time had a significant effect (F1.60= 14.05, p=0.000). This was further analysed with single contrasts. We found that at the first time point of the day, negative affect was significantly higher than at the second time point (p= 0.003) and at the second time point was significantly higher than at the third time point (p= 0.005). The drug group had no effect on negative affect (F1= 1.806, p=0.186) and neither had the interaction between drug and time (F1.60 =0.035, p=0.940).These results suggest that there were no effects of drug manipulation on negative affect.
We performed the same tests for positive affect. There was an effect of time (F42=6.057, p=0.003). This was further analyzed with single contrasts. We found that at the first time point of the day, positive affect was significantly higher than the second time point (p= 0.003) but the second time point was not significantly higher than third one (p= 0.199). Drug had no significant effect on positive affect (F1=0,868 p=0.357) and neither had the interaction between drug and time (F2=1.070, p=0.347). These results suggest that there were no effects of drug manipulation on positive affect.
Anxiety (STAI-S)
Repeated measures ANOVA was performed on STAI state scores, by entering the factor time, with three levels and group as between- subjects factor to monitor state anxiety over time and to see if there was an effect of drug on state anxiety. The factor time had an effect (F1.75= 5.962, p=0.005). This was further analyzed with single contrasts. We found that at the first time point of the day, state anxiety was significantly higher than at the third time point (p= 0.005). The drug group had no effect on state anxiety (F1=0.841 p=0.364) and neither had the interaction between drug and time (F1.755= 0.210, p=0.782). These results suggest that there were no effects of drug manipulation on state anxiety. 

Physiological Assessment: Skin Conductance Response
Conditioning
For each CS type (CS+, CS-) skin conductance responses were averaged over the first six trials (Early phase) or last six trials (Late Phase). A CStype (CS+, CS-) x Phase (Early, Late)  with Group (Propranolol, Placebo) as a between-subjects factor 2x2x2 repeated measure ANOVA revealed differential fear conditioning on day 1 (CStype x Phase (F1, 47 = 5.191, p < 0.027) and no difference in fear learning between the propranolol and the placebo group (Figure 3).

Extinction learning
For each CS type (CS+, CS-) skin conductance responses were averages over the first six trials (Early phase) or last six trials (Late Phase). A CStype (CS+, CS-) x Phase (Early, Late) with Group (Propranolol, Placebo) as a between subjects variable 2x2x2 repeated measure ANOVA revealed a main effect of CStype (F1, 47 = 13.531, p = 0.001), a main effect of Phase (F1, 46 = 37.192, p < 0.001), an interaction effect of CStype x Group at trend (F1, 46 = 3.609, p = 0.064), an interaction effect of CStype x Phase (F1, 46 = 4.854, p = 0.033), an interaction effect of CStype x Phase x Group (F1, 46 = 9.890, p = 0.003), with no other main effects or interactions.
Paired samples t-tests responses revealed that, in contrast to the placebo group, the administration of propranolol led to elimination of  differentiation between CS+ and CS-  1,5 h after administration (t(22)= 0.914, p = 0.371; Early CS+ Mean: 0.598, s.e.m.: 0.094, Early CS- Mean: 0.549, s.e.m.: 0.098) On the contrary, differential SCRs remain stable for the placebo group where greater responses to the CS+ compared to the CS- during the Early phase were observed (t (24)= 5.427, p = 0.075; Early Phase CS+ Mean: 0.738, s.e.m.: 0.101, Early Phase CS- Mean: 0.455, s.e.m.: 0.068). 
Since the two groups differed already at the beginning of the task, they also differed over the course of extinction learning. We calculated the difference in average responses to the CS+ and the CS- for each phase (Early Phase Diff= meanEarlyCSp-  meanEarly CSm and Late Phase diff= meanLateCSp- meanLate CSm the early and late phase. Paired T-tests reveal greater differential responding in the Early compared to the Late phase in the Placebo Group (t (24)= 3.101, p = 0.05; Early Phase Diff : 0.283, s.e.m., 0.052, Late Phase Diff : 0.080, s.e.m., 0.063) but no change was found for the propranolol group (t (24)= -1.053, p = 0.312; Early Phase Diff : 0.040, s.e.m., 0.044, Late Phase Diff : 0.076, s.e.m., 0.050). 
Additionally, there was a significant decrease in fear SCR responses at the second half of the extinction learning task for both groups. Both groups showed lower responses to the CS+ during the late phase as compared to the early phase [Placebo Group (t(24)= 4.718, p< 0.001; Early CS+ Mean: 0.738, s.e.m.: 0.101, Late Phase CS+ Mean: 0.424, s.e.m.: 0.074), and Propranolol Group (t(22)= 4.452, p< 0.001; Early CS+ Mean: 0.598, s.e.m.: 0.094, Late Phase CS+ Mean: 0.396, s.e.m.: 0.083)] and lower responses to CS- during the late phase as compared to the early phase [Placebo Group at trend (t (24)= 1.862, p = 0.075; Early CS- Mean: 0.455, s.e.m.: 0.068, Late Phase CS- Mean: 0.343, s.e.m.: 0.050), and Propranolol Group (t(22) = 4.569, p< 0.001; Early CS- Mean: 0.549, s.e.m.: 0.098, Late Phase CS- Mean: 0.286, s.e.m.: 0.063)]. At the end of the task (late phase) both groups showed no response differences to the CS+ and CS- [Placebo Group (t (24)= 1.266, P = 0.218; Late Phase CS+ Mean: 0.424, s.e.m.: 0.074, Late Phase CS- Mean: 0.344, s.e.m.: 0.050), and Propranolol Group (t (22)= 1.529, P = 0.141; Late Phase CS+ Mean: 0.396, s.e.m., 0.083, Late Phase CS- Mean: 0.286, s.e.m.: 0.063)]. 
Finally, calculating the average skin conductance responses to context presentations over the Early phase (trial 1-12) and Late Phase (trial 13-24) and testing a Phase (Early, Late) x Group (Placebo, Propranolol) 2x2 ANOVA revealed a main effect of Phase (F1, 46 = 5.568, p = 0.023), with critically no main effect of Group and no interactions. Paired T-test reveal a reduction in responses to context presentations in the Late Phase compared to the Early Phase (t (47)= 2.403, p = 0.020; Early Phase Context Mean: 0.266, s.e.m.: 0.036, Late Phase Context Mean: 0.193, s.e.m.: 0.025).
Thus during the early Phase the Placebo group shows greater responses to the CS+ compared to the CS-, whereas this effect is absent in the Propranolol group. Both groups exhibit no differential responses in the Late Phase. Further, the groups show no difference in responses to context presentations (Figure 4).


Figure 3. Skin conductance Responses for fear conditioning. Square root transformed SCRs for the placebo (thick line) and propranolol group (dotted line) for CS+ (red) and CS- (blue).  Both groups were equally conditioned at the end of the task. 

Figure 4. Skin conductance Responses for extinction learning. Square root transformed SCRs for the placebo (thick line) and propranolol group (dotted line) for CS+ (red) and CS- (blue). Contrary to the placebo group, the propranolol group does not diffferernatiate between CS+ and CS-. 
Extinction Recall 
For each CS type (CS+, CS-) skin conductance responses were averages over the first six trials (Early phase) or last six trials (Late Phase). A CStype (CS+, CS-) x Phase (Early, Late) with Group (Propranolol, Placebo) as a between subjects variable 2x2x2 repeated measure ANOVA revealed a main effect of CStype (F1, 46 = 14.817, p < 0.001), a main effect of Group (F1, 46 = 4.335, p = 0.043), a main effect of Phase (F1, 46 = 22.638, p < 0.001), an interaction effect of Phase x Group (F1, 46 = 6.678, p = 0.013), an interaction effect of CStype x Phase at trend (F1, 46 = 3.975, p = 0.052), with no other main effects or interactions. 
As the recall paradigm is principally a second extinction session and follows the actual extinction task, extinction learning can be expected to occur rapidly. Therefore we also recalculated for each CS type (CS+, CS-) the Early Phase as the average skin conductance response over the trials 1-4, a Middle Phase as the  average skin conductance response over the trials 5-8, and the Late Phase as the average response over trial 9-12. First, a CStype (CS+, CS-) x Phase (Early, Middle, Late) with Group (Propranolol, Placebo) as a between subjects variable 2x3x2 repeated measure ANOVA revealed a main effect of CStype (F1, 46 = 14.817, p < 0.001), a main effect of Phase (F2, 92 = 19.372, p < 0.001), a main effect of Group (F1, 46 = 4.335, p = 0.043), an interaction effect of Phase x Group (F2, 92 = 7.387, p = 0.001), an interaction effect of CStype x Phase (F2, 92 = 3.379, p = 0.038), with no other main effects or interactions.
Next, we calculated the differences between the average responses to the CS+ and CS- per Phase for each subject. A one-way ANOVA on the difference scores reveal a Group difference in the Early Phase (F1, 46 = 4.335, p = 0.043; Placebo Early Diff Mean: 0.234, s.e.m.: 0.072, Propranolol Early Diff Mean: 0.066, s.e.m.: 0.032) but not the Middle Phase (F1, 46 = 0.000, p = 0.994; Placebo Middle Diff Mean: 0.074, s.e.m.: 0.060, Propranolol Middle Diff Mean: 0.074, s.e.m.: 0.036), and not in the Late Phase (F1, 46 = 0.044, p = 0.834; Placebo Late Diff Mean: 0.033, s.e.m.: 0.047, Propranolol Late Diff Mean: 0.022, s.e.m.: 0.025).
Independent samples T-tests reveal that the Placebo group exhibited greater responses to the CS+ compared to the CS- than the Propranolol group during the Early Phase (t (33.155)= 2.144, p = 0.039; Early Phase Diff Placebo Group: 0.234, s.e.m., 0.072, Early Phase Diff Propranolol Group: 0.066, s.e.m., 0.032), but not during the Middle Phase (t (46)=  -0.008, p= 0.994; Middle Phase Diff Placebo Group: 0.074, s.e.m., 0.060, Middle Phase Diff Propranolol Group: 0.074, s.e.m., 0.036), and not during the Late Phase (t (36.297)= 0.216, p = 0.830; Late Phase Diff Placebo Group: 0.033, s.e.m., 0.047, Late Phase Diff Propranolol Group: 0.022, s.e.m., 0.025).
Following up on these results, paired T-tests reveal greater responses to the CS+ compared to the CS- during the Early phase in the Placebo Group (t(24)= 3.266, p = 0.003; Early Phase CS+ Mean: 0.631, s.e.m.: 0.094, Early Phase CS- Mean: 0.397, s.e.m.: 0.068), and response differences between the CS+ and CS- during the Early phase in the Propranolol Group at trend (t (22)= 2.044, P = 0.053; Early CS+ Mean: 0.275, s.e.m.: 0.070, Early CS- Mean: 0.210, s.e.m.: 0.060).Thus a spontaneous recovery of fear is observed in the placebo group but not for the propranolol group at the beginning of the task.
Finally, calculating the average skin conductance responses to context presentations over the Early phase (trial 1-8), Middle Phase (trial 9-16) and Late Phase (trial 17-24) and testing a Phase (Early, Middle, Late) x Group (Placebo, Propranolol) 3x2 ANOVA revealed no main effects and no interactions
Thus during the Early Phase the Placebo group shows greater responses to the CS+ compared to the CS-, whereas this effect is absent in the Propranolol group. Both groups exhibit no differential responses in the Late Phase. Groups show no difference in responses to context presentations (Figure 5). 
Reinstatement
Reinstatement effects are generally only observed for the first few trials (Kindt et al., 2009). Therefore we calculated for each CS type (CS+, CS-) the Early Phase as the average skin conductance response over the trials 1-4, a Middle Phase as the  average skin conductance response over the trials 5-8, and the Late Phase as the average response over trial 9-12. First, a CStype (CS+, CS-) x Phase (Early, Middle, Late) with Group (Propranolol, Placebo) as a between subjects variable 2x3x2 repeated measure ANOVA revealed a main effect of CStype (F1, 45 = 7.206, p = 0.010), a main effect of Phase (F2, 90 = 4.247, p = 0.017), an interaction effect of Phase x Group (F1, 46 = 3.280, p = 0.042), with no other main effects or interactions.
Again, we calculated the difference in average responses to the CS+ and CS- for the Early, Middle, and Late phase. Paired T-tests revealed no differences in the differential responses in either group for each of the Phases. However, independent samples T-tests reveal that the Placebo group exhibits during the Early Phase greater response to the CS+ than the Propranolol group at trend (t (41.895) = 1.712, p = 0.094; Early Phase Placebo Group: 0.460, s.e.m., 0.084, Early Phase Propranolol Group: 0.284, s.e.m., 0.059), as well as to the CS- (t (45)= 1.687, p = 0.099; Early Phase Placebo Group: 0.338, s.e.m., 0.055, Early Phase Propranolol Group: 0.206, s.e.m., 0.055).
Finally, calculating the average skin conductance responses to context presentations over the Early phase (trial 1-8), Middle Phase (trial 9-16) and Late Phase (trial 17-24) and testing a Phase (Early, Middle, Late) x Group (Placebo, Propranolol) 3x2 ANOVA revealed a main effect of Phase at trend (F1.754, 78.947 = 3.232, p = 0.051), with no other main effects and no interactions. 
Thus during the Early Phase the Placebo group shows greater reinstatement of fear, expressed as increased responses to both the CS+ and CS- compared to the Propranolol group in the Early Phase. Both groups exhibit no differential responses in the Late Phase. Further, the groups show no difference in responses to context presentations (Figure 6).

Figure 5. Skin conductance Responses for extinction recall. Square root transformed SCRs for the placebo (thick line) and propranolol group (dotted line) for CS+ (red) and CS- (blue). Contray to the placebo group which shows a spontaneous recovery of fear, the propranolol group does not differentiate between CS+ and CS- and shows an reduction of fear to both CS+ and CS-. 


Figure 6. Skin conductance Responses for reinstatement of fear. Square root transformed SCRs for the placebo (thick line) and propranolol group (dotted line) for CS+ (red) and CS- (blue). The propranolol group shows decreased fear responses even after the unsignaled presentation of shocks. 
Neural Activation 
Fearful vs safe stimuli (CS+ >CS- and CS->CS+)
During extinction learning the differential SCRs observed between the CS+ and the CS- gradually diminished and no differences were observed on the last trials (Figure 4) proving that at behavioural level extinction learning took place. At a neural level, this can be investigated with the contrasts CS+ vs CS- and CS- vs CS+. The first contrast is related to fear responses and revealed significant activation in the following brain regions: the right Insula (44, 2, 0, p= 0.000), the left Insula (-40, 8,-2, p=0.003), and the dorsal Anterior Cingulate cortex (-6, 32, 20, p= 0.007) and the Midbrain (-2 -26 -6, p=0.021 after SVC based on (Hermans et al., 2011) and application of 10mm radius sphere)(Figure 7; Table 1). The second contrast drives safety responses and revealed significant effect in vmPFC (-2, 42, -22, p= 0.002 after SVC based on (Kalisch, Korenfeld, et al., 2006) and application of 10mm radius sphere),(Figure 8; Table 1).
Time effects (Time x CS)
To investigate the influence of time on extinction learning, we calculated brain activation for the contrasts (Early Phase > Late Phase) and (Late Phase > Early Phase).  A significant activation was found only for the first contrast. More specifically brain regions involved in the (Early Phase > Late Phase) contrast were: the Superior temporal gyrus, the Midle temporal gyrus (Right angular gyrus), the Right Superior temporal Gyrus, and the Right Angular Gyrus [IPC (PGp)]. No other interaction revealed significant results (see Table 1).
Drug effects 
At a behavioural level we found that the two groups differed during the early phase of the extinction learning task: during the early Phase the Placebo group shows greater responses to the CS+ compared to the CS-, whereas this effect is absent in the Propranolol group: the propranolol group did not differentiate between CS+ and CS-. Additionally, both groups exhibit no differential responses in the Late Phase. As a matter of fact, the two groups also differed over the course of extinction learning: the propranolol group did not differentiate between the CS+ and CS- all over the extinction task, while the placebo group initially showed greater responses to CS+ vs CS- and consecutively this differentiation was eliminated. To investigate drug effects at neuronal level, we tested for the three way interaction Drug x Phase x CS and a two way interaction effect Drug x CS. These interactions didn't reveal significant results (see table 1). Nonetheless, since the two groups differed over the course of extinction learning results at a behavioural level show that the drug effects exist, but might be difficult to detect the effects at a neuronal level. Therefore, we next investigated brain activation to the conditioned stimuli separately for each drug group. More specifically the contrast CS+ vs CS- for the placebo group revealed significant activation in the Anterior Cingulate cortex (-8, 32, 18, p= 0.036) (Figure 9) and the contrast CS- vs CS+ for the placebo group revealed activation that did not survive the significant threshold. As for the propranolol group, the contrast CS+ vs CS-  revealed activation in the midbrain (-4 -18 -14, p= 0,017, after SVC based on (Hermans et al., 2011) and application of 10mm radius sphere), (Figure 10). Finally, the contrast CS- vs CS+ for the propranolol group revealed no significant activation.  
Since at behavioural level the two drug groups differed during the early phase of the extinction learning, and because, as mentioned above, the contrast Early > Late phase led to significant results at a neural level, we investigating neuronal activity during the early phase. Critically, the contrast early CS+ vs CS- showed significant activation in the dACC and the midbrain. Next we calculated the neural activity for this contrast separately for each group (contrast early CS+ vs CS-). Once more we found involvement of the dACC only for the placebo group and at the midbrain only for the propranolol group. Critically, activation at the dACC is absent for the propranolol group even when lowering the threshold at p< 0.001 while  for the placebo group all involved regions (not significant activation) are in brain regions of the ACC. This signifies a possibility of double dissociation in neuronal activity between the two groups with the dACC being important for the placebo group and absent/ overruled by the midbrain in the propranolol group.


[image: ]Figure 7. Extinction learning. Activation associated with extinction learning on experimental Day 2. Images show group- level estimates for the contrast (SC+>CS-), display threshold p,0.01. Activation in Right Insula, Left Insula, and the Midbrain.




[image: ]Figure 8. Extinction learning. Activation associated with extinction learning on experimental Day 2. Images show group- level estimates for the contrast (SC->CS+), display threshold p,0.01, masked for vmPFC at the coordinates( -2 42 -22) with a sphere of 10mm radius. Activation in vmPFC.




Effects of interests’ analysis
Since our critical contrasts revealed significant activation in the vmPFC, the left and right Insula, the midbrain and the dACC, we wanted to see whether and in which way these areas are differentially activated for the two drug groups.  We therefore performed an effect of interest analysis for these regions. dACC and vmPFC showed increased differential activation between CS+ and  CS- in the placebo group (four last bars, Figure 9 & 11) while this effect is absent in the propranolol group (four last bars, Figure 9 & 11). This finding is in line with the SCR results (Figure 4) and suggest that the dACC and the vmPFC play an important role in the SCR observed for the placebo group but not for the propranolol group. Activation in the left and right Insula shows same pattern of activation for both placebo and propranolol group, therefore no group differences are observed for insula cortex. Finally, activation and differential activation in the midbrain is higher for the propranolol. 



[image: ] 

Figure 9. Extinction learning. Activation associated with extinction learning on experimental Day 2. a, Images show group- level estimates for the contrast (SC+>CS-) for the placebo group only; display threshold <p,0.01. Activation in the ACC. b, Effects of interest analysis. Estimation of ACC activation for CS+ >CS-, in early (E) and late (L) phase, for placebo and propranolol group.  c, SCR for the Extinction learning task. SCR has the same pattern as brain activity in dACC.
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Figure 10 Extinctionlearning. Activation associated with extinction learning on experimental Day 2. a,Images show group- level estimates for the contrast (SC+>CS-) for the propranolol group alone; display threshold<p,0.01. Activation in the midbrain.b, Effects of interest analysis. Estimation of midbrain activation for CS+, CS-, in early (E) and late (L) phase, for the placebo and the propranolol group. c,Activity in the midbrain does not correspond to the SCR pattern.
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Figure 11. Extinction learning. Activation associated with extinction learning on experimental Day 2. a,Images show group- level estimates for the contrast (SC->CS+) ; display threshold <p,0.01. Activation in the vmPFC.b, Effects of interest analysis. Estimation of vmPFC activation for CS+, CS-, in early (E) and late (L) phase, for the placebo and the propranolol group.c, SCRfor the Extinction learning task. SCR has the same pattern as brain activity in vmPFC. 
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Figure 12. Extinction learning. Activation associated with extinction learning on experimental day 2. a,Images show group- level estimates for the contrast (SC+>CS-) for the placebo group alone; display threshold <p,0.01. Activation in the right and left insula.b, Effects of interest analysis. Estimation of vmPFC activation for CS+, CS-, in early (E) and late (L) phase, for the placebo and the propranolol group.c, SCRfor the Extinction learning task. SCR does not correspond to the  brain activity pattern  observed in right and left the insula.  
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Figure 13. Extinction learning: Drug effects in the Early phase. Activation associated with extinction learning on experimental day 2. a,Images show group- level estimates for the contrast early (SC+>CS-); display threshold <p,0.01. Activation in the dACC and in the Midbrain. B Images show group- level estimates for the contrast early (SC+>CS-) separately for the placebo group (A) and for the propranolol group (B); display threshold <p,0.01. Activation only in the dACC for the placebo group and in the Midbrain for the propranolol group (in line with a double dissociation trend).
DISCUSSION

Conclusions 	
In line with our hypothesis, our results suggest that extinction learning is mediated by the vmPFC, the dACC, the insula, and the midbrain. Contrary to our expectations that NA blockade prior to extinction learning would impair extinction recall and thus lead to increased fear, we report that beta blockade abolishes differentially conditioned responses during extinction learning and subsequently prevents the return of fear 24 hours later. These effects are attributable to changes in the neural network of extinction, where we find propranolol to affect activity in the dACC and the midbrain. 

Summary
Both groups were equally conditioned on Day1 and showed differential SCR responses to CS+ and CS-. On Day 2, administration of propranolol led to elimination of differentiation between CS+ and CS- at the beginning of the extinction training and influenced the course of extinction learning. While the placebo group showed differential responses to the CS+ and CS- during the early phase of the extinction learning task, the propranolol group showed no differential responses. Over the course of the extinction task, the placebo group learned to inhibit their fear responses, therefore both groups showed no differential fear responses at the end of the extinction task. 
The effects of propranolol endured over time. On Day 3, fear was still reduced for the propranolol group while the placebo group exhibited a spontaneous recovery of fear. Interestingly, while the placebo group showed greater responses to the CS+ compared to the CS-, the propranolol group not only did not differentiate between CS+ and CS-, but also showed a general reduction of fear as signalled by the increased SCR reduction to both CS+ and CS-. Finally, fear remained low for the propranolol group even after unsignaled administration of shocks, while the placebo group showed greater reinstatement of fear expressed as increased responses to both the CS+ and CS- . 
At a neural level, during extinction learning, activation was found in the vmPFC for the contrast CS- vs CS+, and in the insular cortex, the midbrain and the dACC for the contrast CS+ vs CS-. This is in line with previous neuroimaging studies. As for the drug effects, propranolol seems to affect the dACC, thereby leading to reduction and elimination of fear 24 hours later. Whereas involvement of the dACC appeared to be blocked and a significant activation was found in the midbrain for the propranolol group, for the placebo group significant activation was found in the dACC.



Neural mechanisms of extinction learning 
There is a notable similarity between the location of the brain areas activated during extinction learning in the present study and locations previously reported in structural and functional neuroimaging studies (Milad, Wright, et al., 2007; Phelps et al., 2004). More concretely, the contrast CS- vs CS+ revealed involvement of vmPFC. Although it has been suggested that vmPFC is particularly involved during recall of extinction, therefore after initial acquisition of extinction learning (Phelps et al., 2004), our results indicate that vmPFC involvement during extinction learning may be necessary for long-term encoding and retrieval of extinction and are in line with work conducted by  (Milad, Wright, et al., 2007). Contrary to (Milad, Wright, et al., 2007) and (Milad & Quirk, 2002), and in agreement with (Phelps et al., 2004), the vmPFC was deactivated during extinction learning. The responses observed in the vmPFC were primarily expressed as a decrease to the CS+. Although this has been assessed relatively to the CS-, the effect of interest analysis pattern indicates that this differential response was mostly driven by depression in BOLD to the CS+. Decrease in BOLD response is difficult to interpret; probably it reflects a reduction in neuronal activity (Shmuel et al., 2002). For the contrast CS+ vs CS- (which signals fear) there was activation in the dACC (in line with (Phelps et al., 2004) (Lang et al., 2009), the midbrain and the bilateral insular cortex (Gottfried & Dolan, 2004; Phelps et al., 2004; Yágüez et al., 2005). Activation in the midbrain was recently shown to be involved in exposure of fear-related acute stressors (Hermans et al., 2011), but it has not been yet shown in other fMRI studies examining fear extinction. It might be that the high resolution analysis used in our experiment captured activation in the PAG that drives fear or the locus coeruleus (LC), the main generator of noradrenaline.  Note that both regions are very small and difficult to capture with fMRI. 
We replicate the finding that, within mPFC, the dACC and the vmPFC play different roles in fear extinction. Our results are in line with a current review paper stating that during extinction learning there is a differentiation between dorsal ACC and mPFC subregions, which are implicated in threat appraisal and the expression of fear, and ventral ACC and mPFC subregions, which are involved in the inhibition of conditioned fear through extinction (Etkin, Egner, & Kalisch, 2011). 

Drug effects 
Since at a behavioural level the two drug groups differed over the course of extinction learning, with the propranolol group not showing differential responses between CS+ and CS- throughout the extinction learning task, and with the placebo group differentiating between the CS+ and CS- at the beginning of the task and not at the end, we investigated the drug effects at a neural level for each group separately. Critically, the contrast CS+ vs CS- revealed significant effect in the dACC for the placebo group, and significant effect in the midbrain for the propranolol group, thereby showing a double dissociation in neuronal activity between the two groups. 
At behavioural level, the two drug groups differed during the early phase of the extinction learning. Therefore, what is happening in a neuronal level at this early phase is of much importance. The early phase of extinction expresses recall of the conditioned fear memory, as the new, safe associations are not created yet: they are only created during the task and especially in the late phase (Milad, Wright, et al., 2007). Crucially, the contrast early CS+ vs CS- showed again significant activation in the dACC and the midbrain. 
We then calculated the neural activity for this contrast (early CS+ vs CS-) separately for each group. Once more we found involvement of the dACC for the placebo group and the midbrain for the propranolol group. Activation in the dACC is absent for the propranolol group even when lowering the threshold at p< 0.001. For the propranolol group we find involvement of the midbrain, while for the placebo group all the regions involved (even when not significantly activated) are part of the ACC. These findings suggest a quasi-double dissociation between the two groups: dACC is activated in the placebo group but is not present in the propranolol group, and the midbrain is up regulated in the propranolol group but not in the placebo group. 
Our contrasts did not reveal drug effects in the vmPFC. Still, the region of interest analysis suggests that differential activity of the vmPFC to CS- and CS+ is decreased for the propranolol group. So although the placebo group vmPFC activation shows a clear differential pattern between CS+ and CS-, the propranolol group does not differentiate substantially.

What is propranolol doing and how? 
In line with other studies (Kindt et al., 2009),(Rodriguez-Romaguera, Sotres-Bayon, Mueller, & Quirk, 2009) we showed that propranolol led to elimination of fear 24 hours after administration. What could then be the mechanism of propranolol action? What happens during extinction learning that leads to loss of fear the next day?  
To begin with, we see that in the early phase of extinction learning the propranolol group does not differentiate between CS+ and CS-.At a behavioural level, only the placebo group shows differential activation for CS+ vs CS-. At a neural level, this contrast leads to activation in the dACC only for the placebo group, indicating that dACC may play an important role in the differential SCRs observed for the placebo group but is absent in the propranolol group. Could propranolol effects on dACC during extinction learning lead to the decreased fear responses observed the next day? 
According to Rainbow and colleagues (Rainbow, Parsons, & Wolfe, 1984; Reznikoff, Manaker, Rhodes, Winokur, & Rainbow, 1986), there are noradrenergic receptors in the human and animal dACC. Influence of dACC adrenergic receptors by propranolol could lead to dysfunction of dACC. Moreover, recent studies have revealed direct anatomical projections from the ACC to the LC, the midbrain neuromodulatory nucleus responsible for the majority of the NA release in the brain (Aston-Jones & Cohen, 2005). At the same time, the dACC receives signals from the midbrain (LC) via noradrenergic signalling (Aston-Jones & Cohen, 2005), so noradrenergic blockade may influence the signals sent to the dACC by the LC, which is in agreement with our finding that in the propranolol group there was increased activation in the LC (as a compensatory mechanism), but not in the dACC. Our results do not disclose the directionality of this impact (whether LC affects dACC or blockade of noradrenergic receptors in the dACC affect LC), and this is out of the scope of the current study. However, our results suggest that dACC is affected in one way or the other, and this is in line with several theories that highlight the relationship between dACC and LC: “Gain modulation theory” (Aston-Jones & Cohen, 2005);“unexpected uncertainty theory” (Yu & Dayan, 2005). 
The dACC plays an important role in valence appraisal (Etkin et al., 2011; Kalisch, Wiech, Critchley, & Dolan, 2006), error detection (Bush, Luu, & Posner, 2000; Gehring, Goss, Coles, Meyer, & Donchin, 1993), expectancy (Oliveira, McDonald, & Goodman, 2007) and predictions (Brown & Braver, 2007). Impairment of dACC function by propranolol would impair differential valence appraisal of CS+ and CS-, and would lead to same response to both CS+ and CS-. Our results support this hypothesis on the basis of the fact that there is no differentiation between CS+ and CS- for the propranolol group. In line with this, prior work has shown that lesions in ACC attenuate SCRs (Tranel & Damasio, 1994).  
Under circumstances of affected ACC, the extinction learning task takes place: in the early phase of the extinction task the fearful memory is retrieved, and in the late phase creation of safety trace occurs (Myers & Davis, 2006). Retrieval of a consolidated fear memory can return the memory to a labile state (Lee et al., 2008; Nader et al., 2000). During this vulnerability phase there is a ubiquitin- and proteosome- dependent protein degradation disrupting the pre-existing memory (Lee et al., 2008), followed by a protein synthesis dependent process of restabilisation that returns the memory to a fixed state (reconsolidation). The transient memory labialisation phase allows for the modification of memory (either strengthening or weakening). As mentioned, this occurs when a memory is being reactivated (Nader et al., 2000) and when a new information is being integrated (Sevenster, Beckers, & Kindt, 2012; Wang & Morris, 2010). This process can take place during extinction learning: the old fear memory is retrieved (early phase of extinction learning), is updated and ‘in dialog’ with the new safety memory and a new safety trace is created (late phase of extinction learning). The idea that during extinction unlearning (e.g., weakening of fear memory) and new learning (e.g., creation of safety trace) can coexist has been proposed many decades ago. Research has suggested that a strict inhibitory view of extinction is an oversimplification because ignores that CR recovery is not always complete. This suggests that some degree of erasure occurs always (Delamater, 2004; Myers & Davis, 2006; Rescorla, 2001). In line with this, (Lee et al., 2008) demonstrated that extinction processes and memory reconsolidation share common molecular mechanisms at the synaptic level, and stressed the fact that new learning underlies certain forms of memory extinction (Kaang, Lee, & Kim, 2009). 
It has been shown that updating of a fear memory trace occurs when an outcome is not fully predictable and does not occur when an outcome is fully predictable (Pedreira, Pérez-Cuesta, & Maldonado, 2004; Sevenster et al., 2012). Thus, ambiguity increases chances for reconsolidation. In our paradigm, the outcome was not fully predictable for both groups, but it seems that propranolol action over dACC increased ambiguity and likewise the updating time window, thus making the modulation of fear memory more likely. Indeed, it has been shown that propranolol affects reconsolidation of fear memories and leads to loss of fear (Dębiec & Ledoux, 2004; Kindt et al., 2009). 
Since for the propranolol group fear memory retrieval occurs while the dACC is affected (i.e., under circumstances of emotional valence ambiguity) and no shock is administered, weakening of prior fear memory is facilitated. Consecutively, inhibition of fear memory is further enhanced by the creation of a safety trace (extinction trace). Note that, although beta adrenergic receptors are blocked, extinction learning can still happen (at least partially) via other receptors, for example D-5 dopaminergic receptors (Ouyang, Young, Lestini, Schutsky, & Thomas, 2012). If during this phase of liability and ambiguity a shock had been administered to the propranolol group, the fear trace would have been strengthened instead of weakened. This might explain the discrepancy observed in the field where propranolol has been shown to increase fear responses in some cases, and especially in cases of spaced conditioning (Cain et al., 2004). In cases of spaced extinction, the reassurance of no shock reception would not be strong enough to drive ambiguity towards the direction of safety trace. In line with this argumentation, Cain and colleagues showed that spaced extinction training leads to increased fear incubation and under such circumstances propranolol increases fear (Cain et al., 2004). 
To sum up, for the propranolol group retrieval and updating of fear memory occurs under circumstances where dACC is affected, thus promoting weakening of fear trace during recoding. Additionally, creation of safety trace (partially) happens. A summation of these two events leads to enhanced safety memory and decreased fear observed 24 hours later and explains the loss of fear observed for the propranolol group. 

Alternative explanations
Increased extinction learning
An alternative explanation of why the propranolol group shows loss of fear on Day 3 may be that propranolol improves extinction learning. This explanation is problematic because it has been long shown that NA improves learning (Hu et al., 2007; Mohammed, Jonsson, & Archer, 1986). When exploring for drug effects at a neural level, we found the dACC to be activated for the placebo group in the early phase and during the course of the extinction learning task. This area was not activated for the propranolol group, signalling that propranolol is affecting/blocking dACC activity. For the propranolol group, we found significant activation in the midbrain, possibly as an upregulating/overcompensating effect due to NA blockage and dACC influence. These findings suggest the important role of dACC and midbrain (LC) interaction during emotional learning. Yu and Dayan have proposed that estimates of unexpected uncertainty -which promote a revision of expectations - are meditated by NE-LC-ACC system and that ACC plays an important role in detecting conflict in incongruent/unexpected trials, thereby promoting learning (Yu & Dayan, 2005). Thus noradrenergic blockage affects the ACC- midbrain interaction and impairs extinction learning (at least up to a level). On the other hand, as mentioned above, extinction learning can still partially occur: when beta adrenergic receptors are blocked, extinction of fear can partially take place via the D-5 dopaminergic receptors (Ouyang et al., 2012). The argument that extinction learning is partially increased is in line with our results on Day 3: if there were no extinction trace created on Day 2, we might have observed reinstatement of fear for the propranolol group on Day 3. A summation of a (partially occurring) extinction (safety) trace and an impaired re-encoded fear trace (as analysed in the previous section) leads to the enhanced extinction trace on Day 3 (impairment of fear trace + creation of a weak extinction trace (on Day 2) = increased fear reduction on Day 3).  
Impairment of contextual fear 
Some studies have suggested that propranolol acts via reducing contextual conditioned fear (Grillon, Cordova, Morgan, Charney, & Davis, 2004; Ji, Wang, & Li, 2003). Reduction of contextual fear would indeed lead to fear reduction for the propranolol group if the nondifferentiation between the CS+ and CS- (the cues) in a specific context is taken into account. The new context is shown during extinction learning (Day 2). In order for context B to become associated with a differential conditioned response, on Day 2 a differential conditioned response has to be expressed in context B. Consecutively, the differential response becomes associated with context B as a result of new learning and generalization. Since propranolol blocked the differential expression to CS+ and CS-, context B would not become associated with a conditioned response (on Day 2), therefore leading also to the non differential responses on Day 3. Contrary to (Grillon et al., 2004), who argued that acquisition and retention of cued fear conditioning were not affected by propranolol, our results take into account the cued and contextual responses jointly.    

Discussion of the validity of our findings and of the limitations of the study 
We hypothesise that extinction learning relies on the “extinction network” involving the vmPFC, the ACC, the amygdala, the insula and the midbrain and that raised noradrenaline levels are critical for retention of safety associations. Therefore, noradrenaline blockade prior to extinction learning should impair extinction recall and lead to increased fear. We found that vmPFC is indeed involved in extinction learning together with “standard extinction regions” including the dACC, the insular cortex and the midbrain. Contrary to our expectations, however, blockade prior to extinction learning did not impair extinction recall: fear was decreased in the propranolol group. It might be that noradrenergic blockade reduces extinction learning. But since it also affects retrieval of fear memory, the summation of these competing forces eventually leads to reduced fear and thus stronger extinction trace. 
We did not find activation in amydgala. There are two explanations for this event. The first one is that amygdala gets habituated fast (Breiter et al., 1996). For this reason, although present, it cannot be captured by neuroimaging methods. Indeed activation in amygdala during conditioning and extinction degrades as time passes by (LaBar et al., 1998). Secondly, it has been shown that propranolol affects amygdala (Dębiec & Ledoux, 2004). Since propranolol was administered systematically, amygdala may have been affected thus becoming not active. If the latter were true, though, one would expect to find amygdala activation in the placebo group as opposed to the propranolol group. With all that said, none of the abovementioned explanations can be excluded with certainty. 
Finally, a further limitation of this study is that propranolol was administered systematically; therefore drug effects in specific regions cannot be fully controlled as it is the case with animal studies where drugs are injected. It should be pointed out, however, that since injection of propranolol in human brain is not ethically allowed and the effect of propranolol is quiet specific (blockade of beta adrenergic receptors), this study controlled for drug specificity as much as possible. 

Conclusions and implications 
Anxiety and fear related disorders have been called “the epidemic of the 21st century” and are affecting a large number of people worldwide. It still remains a significant challenge to find the most efficient treatment for fear and anxiety disorders, possibly by optimising the combination of psycho- and pharmaco-therapy. The findings of our study contribute to the current scientific knowledge of a highly interesting and much-debated topic; namely the erasure of fearful and stressful memories by pharmacological and behavioural agents (such as (re)consolidation paradigms) and extends these finding from single reactivation to repeated memory reactivation. It is the first study that shows erasure of fear when combining propranolol with multiple memory reactivations (extinction) instead of single reactivation. In addition, our research bridges the gap between fundamental research and preclinical research that focuses on patients with anxiety disorders. The effectiveness of combining NA blockers with extinction and thus psychotherapy has been questioned due to mixed results of research investigating this topic. Yet, our findings indicate that beta adrenergic blockade eliminates fear and prevents the return of fear via the impedance of differential responses to CS+ and CS- during extinction learning. Moreover, it highlights the involvement of dACC in this process. These results provide face validity to clinical interventions employing beta-adrenergic antagonists in conjunction with extinction learning during psychotherapy to increase the effectiveness of the treatment of stress and anxiety disorders.







	Contrast
	
	MNI Coordinates
	Peak voxel
	
	

	Region
	BA
	x
	y
	z
	T
	z-scores
	cluster size

	CS+ vs CS-

	Insula (right)
	area 13
	44
	2
	0
	4.74
	4.59
	581

	Anterior cingulate
	area 24
	-6
	32
	20
	4.56
	4.43
	361

	Insula (left)
	
	-40
	8
	-2
	4.36
	4.25
	418

	Midbrain
	
	-2
	-26
	-6
	3.45
	3.39
	29

	CS- vs CS+

	Rectal gyrus
	
	-4
	38
	-22
	4.19
	4.09
	119

	Parietal Lobe (Post central gyrus)
	
	28
	-34
	54
	4.07
	3.98
	92

	Early vs Late

	Superior temporal gyrus
	
	60
	-40
	16
	5.38
	5.18
	62

	Middle temporal gyrus 
	area 39
	44
	-60
	24
	5.22
	5.03
	56

	Right superior temporal gyrus
	
	46
	-44
	16
	5.02
	4.85
	2

	Right angular gyrus 
	
	48
	-68
	32
	4.87
	4.71
	1

	Insula (right)
	
	30
	20
	4
	4.79
	4.64
	1

	Early (CS+ vs CS-)

	Left anterior cingulated cortex
	
	-6
	32
	22
	3.87
	3.79
	127

	Midbrain
	
	-8
	-22
	-14
	3.49
	3.43
	9

	Placebo  (CS+ vs CS-)

	Anterior cingulate
	
	-8
	32
	18
	4.29
	4.18
	239

	Inferior frontal gyrus
	
	36
	24
	-4
	3.62
	3.55
	81

	Insula (left)
	
	-38
	14
	-4
	3.61
	3.54
	121

	Insula (right)
	
	44
	2
	0
	3.29
	3.24
	3

	Caudate nucleus
	
	10
	38
	18
	3.18
	3.13
	1

	Propranolol  (CS+ vs CS-)

	Midbrain
	
	-6
	-14
	-14
	4.29
	4.18
	189

	Insula (right)
	
	42
	6
	-2
	3.70
	3.63
	38

	Insula (left)
	
	-42
	4
	-2
	3.54
	3.48
	20

	Placebo (early CS + vs CS-)

	Anterior cingulate
	
	-10
	32
	20
	3.40
	3.34
	9

	Anterior cingulate (left)
	
	0
	42
	18
	3.28
	3.23
	14

	Anterior cingulate 
	
	-10
	24
	24
	3.16
	3.11
	1

	Propranolol (early CS+ vs CS-)

	Midbrain
	
	8
	-14
	-16
	3.49
	3.43
	13

	Midbrain
	
	-8
	-12
	-18
	3.45
	3.39
	11

	Left temporal gyrus
	
	-48
	6
	0
	3.15
	3.11
	1


Table 1: Neural activation during extinction learning task. Activity differences survived multiple comparisons correction, except from the areas listed in italics which were significant at a lenient threshold of p<0.001 but did not survive correction for multiple comparisons. Therefore, these areas are solely listed for reference. Cluster size is given in number of voxels.
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