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Abstract

Combining beta-blockers with exposure-therapy has been advocated to reduce fear, yet
experimental studies combining beta-blockers with memory reactivation have had contradictory
results. We explored how beta-blockade might affect the course of safety learning and the
subsequent return of fear in a double-blind placebo-controlled functional magnetic resonance
imaging study in humans (N=46). A single dose of propranolol prior to extinction learning caused
a loss of conditioned fear responses, and prevented the subsequent return of fear and decreased
explicit memory for the fearful events in the absence of drug. Fear-related neural responses were
persistently attenuated in the dorsal medial prefrontal cortex (dmPFC), increased in the
hippocampus 24h later, and correlated with individual behavioral indices of fear. Prediction error-
related responses in the ventral striatum persisted during beta-blockade. We suggest that this
pattern of results is most consistent with a model where beta-blockade can prevent the return of
fear by i) reducing retrieval of fear memory, via the dmPFC and ii) increasing contextual safety
learning, via the hippocampus. Our findings suggest that retrieval of fear memory and contextual
safety learning form potential mnemonic target mechanisms to optimize exposure-based therapy
with beta-blockers.
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INTRODUCTION

The primary treatment for trauma- and stressor-related disorders is exposure therapy, which
is based on the principle of fear extinction. Although such extinction-based therapies can be
initially effective, 19-62% of patients experience return of fear following treatment (Vervliet
et al, 2013). This risk of relapse, i.e. fear recovery, highlights the need for effective
treatments that persist. Here we aimed to investigate the effects of beta-blockade on
extinction and the subsequent return of fear in humans.

Reports that reactivating fear memories in the presence of beta-blockers can prevent the
return of fear have advocated combining psychotherapy with beta-blockers to improve
outcome (Debiec and Ledoux, 2004; Kindt et al, 2009; Kroes et al, 2010; Muravieva and
Alberini, 2010; Schwabe et al, 2012). Beta-blockers can reduce retrieval of fear memories
(Kroes et al, 2010; Muravieva et al, 2010), and have been suggested to impair
reconsolidation (Debiec et al, 2004; Kindt et al, 2009; Schwabe et al, 2012), both associated
with a reduction of fear responses. Research on reconsolidation proposes that upon
reactivation, stable memories can become flexible again and susceptible to strengthening or
weakening and require re-storage to be maintained (Nader et al, 2000; Sara, 2000).
Critically, memory needs to be reactivated by a brief single reminderfor the original
memory to become flexible and undergo reconsolidation (Eisenberg et al, 2003). In contrast,
extinction-based psychotherapy typically involves reactivating fear memory by repeated and
prolonged exposure to a fear-evoking stimulus in absence of aversive consequences resulting
in reduction of fear responses (Vervliet et al, 2013). Unlike reconsolidation, extinction does
not alter the original memory but forms a novel co-existing safety memory that competes
with the expression of fear (Myers and Davis, 2006; Quirk and Mueller, 2008). The
influence of beta-blockade on extinction learning is unclear, but several studies report that
beta-blockade during extinction impairs the consolidation of the novel safety memory
resulting in a subsequent increase in fear (Bos et al, 2012; Cain et al, 2004; Mueller et al,
2008; Ouyang and Thomas, 2005). In sum, fear memory reactivation first involves retrieval
and, dependent on reactivation conditions, reconsolidation or extinction can subsequently
become the dominant memory process (Eisenberg et al, 2003). We hypothesize that beta-
blockade will affect the dominant memory mechanism and can thus either decrease or
increase the return of fear, and hence influence therapeutic outcome positively or negatively.
Combining beta-blockers with exposure-therapy is therefore precarious until we better
understand and can experimentally manipulate the mnemonic mechanisms that should be
targeted to prevent fear recovery.

We also aimed to investigate the effect of beta-blockade on different memory systems. Based
on previous research we hypothesized that beta-blockade might alternatively attenuate
autonomic fear responses (Kindt et a/, 2009), reduce explicit emotional memory (Kroes et al,
2010) and/or the subjective feeling for fearful events (Schwabe et a/, 2013). Although
merely attenuating autonomic fear responses could be considered clinically optimal, intact
explicit knowledge may increase the likelihood of fear recovery (Phelps et a/, 2001; Raio et
al, 2012) and could thus also be a necessary target of effective treatment strategies.
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Finally, we aimed to investigate the influence of beta-blockade on the neural mechanisms
underlying fear memory and their relationship to behavior. Within the domain of fear
conditioning and extinction distinct brain regions including the amygdala, midbrain,
dorsomedial prefrontal cortex (dmPFC), ventromedial prefrontal cortex (vmPFC),
hippocampus, and insula have been attributed with specific functions and can collectively be
described as a fear and safety neurocircuitry (Milad et a/, 2007; Myers et al, 2006; Quirk et
al, 2008). We hypothesized that beta-blockade may influence this fear and safety
neurocircuitry as it is under noradrenergic control (Hermans et a/, 2011). Furthermore,
extinction learning has been proposed to critically depend on mismatch between expectancy
and outcome, i.e. prediction error signals (Rescorla and Wagner, 1972a). The ventral
striatum reflects a neural signature of prediction errors (O’Doherty et a/, 2003) that may
drive learning in the fear and safety neurocircuitry (Schiller ef a/, 2008). \entral striatal
prediction error-related responses have been found to be affected by dopamine manipulation
(Pessiglione et al, 2006). Considering the close relationship between the two catecholamines
dopamine and noradrenaline and their pharmacological manipulation (Dayan and Finberg,
2003; Fang and Yu, 1995; Smith and Greene, 2012) we hypothesized that beta-blockade
might alter this neural signature of prediction errors and potentially affect learning. Further,
it has been suggested that alteration of reactivated fear memory by beta-blockade depends on
a prediction error signal (Sevenster et a/, 2013b). We therefore hypothesized that
individual’s neural signatures of prediction error responses might be correlated with the
absence of fear recovery.

In the current study, we tested whether beta-blockade during extinction learning one day
after acquisition would result in either a subsequent increase or decrease in the expression of
conditioned fear as measured one day later, in the absence of drug. We designed our study
such that we could probe effects of beta-blockade on neural activity in the fear and safety
neurocircuitry and its relationship to autonomic, explicit, and subjective measures of fear; an
approach that could potentially provide insight into memory and neural mechanisms
underlying a potential therapeutic effect.

MATERIALS AND METHODS

For a full description of the Materials and Methods see the Supplemental Information.
Briefly, fifty-four healthy young human participants were initially included in the study. In a
double-blind design, participants were pseudo-randomly assigned to one of the drug groups
so that for each of four consecutive participants two would receive a beta-blocker (40mg
Propranolol HGI) and two placebo (microcrystalline cellulose). Five participants were
excluded on Day 1 as they displayed no conditioned skin conductance responses, three
participants could not complete the study due to scanner problems and one participant in the
propranolol group did not complete the reinstatement and re-extinction task due to scanner
problems. The placebo group comprised 24 participants (11 males, 13 females) and the
propranolol group 22 participants (8 males, 14 females). All participants gave written
informed consent. The study was approved by the institutional ethics committee (CMO
Regio Arnhem-Nijmegen, The Netherlands, CM02010/257).
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Over three consecutive days participants were differentially cue-conditioned to a stimulus
signaling threat (CS+) of transcutaneous electrical shock (US) and a cue signaling safety
(CS-) in a specific context on Day 1 (Fig. S1a). On Day 2 participants received a single dose
of propranolol or placebo and underwent an extinction paradigm. On Day 3, in the absence
of drug, the possible return of fear was first tested as spontaneous recovery during a recall
task. Next, a stronger test of fear recovery was employed where first the general level of
arousal was increased by four unsignaled shocks, and next fear reinstatement was assessed
during a re-extinction task. The context of extinction, recall, and re-extinction differed from
conditioning (ABBB design) to better match treatment settings, and to maximize the chance
of detecting hippocampal responses (Kalisch et a/, 2006; Marschner et a/, 2008; Milad et al,
2007). We measured the influence of beta-blocker administration on Day 2 on (a) learned
fear as indexed by skin conductance responses (SCR) (Bach et a/, 2011) on Day 2 and 3, (b)
explicit memory and subjective experience of the fearful events tested at the end of Day 3,
(c) neural functioning using Blood Oxygenation Level Dependent functional Magnetic
Resonance Imaging (BOLD-fMRI) on Day 2 and 3, (d) the relationship between behavior
(SCR and explicit memory) and neural responses, and (e) a neural signature of
reinforcement learning.

RESULTS

We first determined that no incidental between-group differences existed at baseline and that
propranolol was active on Day 2 only. There were no significant differences with respect to
age, trait-anxiety, heart-rate, and blood-pressure on Day 1. The single-dose of propranolol
affected blood pressure on Day 2, but not Day 3, replicating previous reports (Kindt et a/,
2009; Kroes et al, 2010) (Fig. Slc, Supplemental Results).

Beta-adrenergic blockade results in a loss of fear, and prevents return of fear

Next, we focused on effects of beta-blockade during extinction learning on sympathetic fear
responses as measured using SCR. Both groups acquired differential conditioned fear
responses on Day 1 (Phase (early, late phase of task) x CStype (CS+, CS-) repeated
measures ANOVA: F1 44=5.503, p=0.024). There were no significant differences between
groups and, critically, differential responses at the end of conditioning were similar between
groups indicating the acquisition of comparable fear memory in both groups (Fig. 1 and
Table S1 for additional statistics). Note, we only included non-reinforced CS+ trials in our
analyses to prevent potential bias by shock delivery. For Day 2, we observed an interaction
of Drug (propranolol, placebo) x Phase (early, late) x CStype (CS+, CS-) (F1, 44=7.779,
p=0.008), but no main effect of drug. Specifically, during the early phase of extinction the
placebo group showed retention of learned fear, whereas the propranolol group did not show
significant differences in response to CS+ and CS- presentations. In the late phase of
extinction we no longer observed a group effect and neither group showed significant
differential conditioned responses, indicating successful extinction training. On Day 3, after
the drug had washed out, we still observed between-group differences (recall: Drug x Phase
(F1.676, 73.739=7.565, p=0.002); re-extinction: Drug x CStype (F1 43=5.560, p=0.023)).
While the placebo group showed both spontaneous recovery and reinstatement of fear, the
propranolol group showed no spontaneous recovery and no fear reinstatement. Hence, a
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single dose of propranolol prior to extinction learning eliminated learned fear responses in a
new context, resulted in a subsequent loss of fear and prevented the return of fear one day
later in the absence of drug.

Beta-adrenergic blockade attenuates explicit memory of fearful events

Beyond propranolol eliminating sympathetic fear responses, we also found that beta-
blockade affected explicit memory. At the end of the experiment on Day 3, participants
estimated the number of shocks they had received following the presentation of each type of
CS on each day (Fig. 1). To avoid explicit recall from influencing SCR (Phelps et a/, 2001,
Raio et al, 2012), explicit estimation was probed only at the end of Day 3. All participants
received the same number of shocks, and learning as measured by SCR on Day 1 was
indistinguishable between groups suggesting that both groups acquired comparable fear
memories. Nevertheless, participants who had received propranolol on Day 2 underestimated
the number of shocks they had received following CS+ presentations on Day 1 (Day (day 1,
2, 3) x CStype (CS+, CS-) x Drug (propranolol, placebo): F, g4=3.518, p=0.034). No
significant differences for the CS— were observed. Beta-blockade did not significantly affect
subjective fear measures (Supplemental Results). Thus, beta-blockade during extinction
eliminated not only learned sympathetic fear responses, but also reduced explicit memory of
the fearful events.

Beta-adrenergic blockade affects the fear and safety neurocircuitry

In view of the positive effects of propranolol on eliminating sympathetic fear responses and
reducing explicit memory, we next examined propranolol effects on neuronal responses in
the fear and safety neurocircuitry. To increase specificity we followed previous region of
interest analyses in the field (Kalisch et a/, 2006; Milad et a/, 2007; Phelps et al, 2004). As
such, we restricted all our BOLD-fMRI analyses to our previously defined regions of
interest (amygdala, dmPFC, midbrain, vmPFC, hippocampus, and insula) that a/so showed
differential responses [CS+ versus CS—] across both groups. This approach ensured that
selection of regions of interest was orthogonal to potential drug interactions.

On Day 2, propranolol eliminated differential conditioned SCR. BOLD-fMRI data analyses
comparing CS+ trials to the CS- trials during extinction revealed differential neural
responses in the insula, dmPFC, vmPFC, and midbrain across both groups (Fig. 2, Table S2).
We observed group differences in dmPFC and midbrain activity (Drug x CStype dmPFC:

F1 44=4.894, p=0.032; midbrain: F1 44=4.509, p=0.039, Fig. 3, Table S3). Specifically, the
placebo group, but not the propranolol group, exhibited greater dmPFC responses [CS+ vs.
CS-]. This differential dmPFC responses in the placebo group disappeared during extinction
learning. In contrast, the propranolol group, but not the placebo group, exhibited greater
midbrain responses [CS+ vs. CS—] throughout the task.

On Day 3, the placebo group showed spontaneous recovery and reinstatement of fear
whereas the propranolol group did not. BOLD-fMRI data analyses for the recall task
revealed differential neural responses [CS+ vs. CS-] in the midbrain, hippocampus,
amygdala, and dmPFC across both groups (Fig. 2, Table S3). We observed a group
difference in hippocampal responses that just fell short of being significant (Drug x CStype:
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F1 44=3.820, p=0.053), yet this between-groups trend effect was corroborated by significant
across-group analyses probing the relationship between neural responses and SCR (see
below). Specifically, the propranolol group showed greater differential hippocampal
responses during the early phase of the recall task (testing spontaneous recovery), whereas
evidence for this differential response only arose in the late phase for the placebo group (Fig.
3, Table S3). During the re-extinction task (i.e. after fear reinstatement), we observed
BOLD-fMRI responses [CS+ vs. CS—] in regions including the dmPFC and insula across
both groups (Fig. 2, Table S3). The dmPFC responses were greater in the placebo group than
in the propranolol group (main effect Drug: Fq 43=4.371, p=0.042, Fig. 3, Table S3). Other
regions exhibiting differential responses were not significantly affected by beta-blockade
(Fig. S2, Table S3). Thus, beta-blockade during extinction affected neural processing in the
dmPFC and midbrain on Day 2, and altered subsequent neural processing during the recall
and re-extinction task in the hippocampus and dmPFC on Day 3, respectively.

Previous research has indicated a relationship between the expression of differential SCR
and dmPFC responses (Klumpers et a/, online prepublication), and between hippocampus
responses and an SCR index of subsequent fear recovery (Milad et a/, 2007). In addition, the
hippocampus has been implicated in explicit knowledge of conditioned contingencies
(Bechara, 1995; Knight et a/, 2009). We replicated these findings and observed that smaller
dmPFC responses were associated with less fear, whereas greater hippocampal responses
were associated with less fear and reduced explicit memory of fearful events (see
Supplementary Results and Fig. S3).

Ventral striatal prediction error responses persist during beta-blockade and show no
significant relationship with the loss of fear

In subsequent analyses we aimed to test our two hypotheses that beta-blockade might affect
a neural signature of prediction errors and that this neural signature might be correlated with
absence of the return of fear. We first fitted a Rescorla-Wagner model (Rescorla and Wagner,
1972b) to the SCR data and observed that neural responses in the ventral striatum reflected
the behavioral estimates of the prediction errors (Fig. 4, Table S4), replicating previous
findings (O’Doherty et al, 2003; Schiller et af, 2008). Testing our first hypothesis we found
that this well-established ventral striatal signature of prediction error responses remained
intact during beta-blockade (Fig. 4). Moreover, rank-correlation analyses across participants
from both groups revealed that participants with greater mean differential SCR responses,
i.e. those whose SCR reflected most learning, exhibited greater ventral striatal prediction
errors (Fig. 4). Testing our second hypothesis, we detected no significant correlation
between ventral striatal prediction error-related responses and spontaneous recovery or the
reinstatement of fear on Day 3 (Fig. 4). We also observed prediction error related responses
in the ventral striatum when we fitted the model’s free parameters to the SCR data of the
extinction task separately for each group. Assessing the optimal solution for each individual
subject did not reveal group differences in learning rate or a relationship with the return of
fear (see Supplemental Results). Thus, we found evidence for learning-related ventral
striatal prediction error responses that persisted during beta-blockade and that were
unrelated to the modification of retrieved memories.

Neuropsychopharmacology. Author manuscript; available in PMC 2016 September 22.
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DISCUSSION

Here we aimed to investigate the effects of beta-blockade on extinction and the subsequent
return of fear in humans. (1) We show that a single dose of the beta-blocker propranolol
administered prior to extinction learning eliminated differential fear responses during
extinction, and prevented spontaneous recovery and reinstatement of fear in the absence of
drug one day later. (2) Beta-blockade also reduced subsequent explicit memory, but not the
subjective feelings, for the fearful events in the absence of drug. (3) We found beta-blockade
to affect the fear and safety neurocircuitry. During extinction we observed a loss of fear-
related responses in the dmPFC and increased responses in the midbrain. The loss of fear on
Day 3 was accompanied by increased differential responses in the hippocampus during
recall, whereas the absence of the return of fear was reflected by reduced responses in the
dmPFC. (4) We identified that neural responses in beta-blockade affected regions of the fear
and safety neurocircuitry correlated with observed changes in behavior. The dmPFC
responses correlated positively with sympathetic fear responses, whilst hippocampal
responses correlated negatively with fear responses and explicit memory of the fearful
events. In complementary analyses we found prediction error responses in the ventral
striatum that persisted during beta-blockade and bore no relationship with the loss of fear

(Fig. 4).

Mechanistic implications of physiological results

For Day 2, analyses of SCR during extinction indicated that beta-blockade affected
extinction learning. For Day 3 after the drug had washed out, our SCR results indicate that
beta-blockade resulted in a loss of fear and prevented the return of fear. We conceive that our
results could be explained by an effect on several mechanisms, namely i) retrieval, ii)
reconsolidation, and/or iii) new contextual safety learning. First, our results accord with
studies reporting a role for noradrenaline in retrieval of aversive and appetitive memory
(Kroes et al, 2010; Muravieva et al, 2010; Otis et al, 2013; Otis et al, 2014; Otis and Mueller,
2011b; Ouyang et al, 2005). We observed an interaction effect between Drug and CStype but
not a main effect of Drug on Day 2 indicating an inability to discriminate between the CS+
and CS- and a generalization of fear to both stimuli, but not a general reduction in fear
responses. The detection of this effect was only possible because we employed a differential
conditioning (CS+ vs. CS-) paradigm that is standard in most human conditioning studies,
but has not been used in previous animals studies and a previous human study investigating
the role of beta-blockade during extinction learning (Bos et a/, 2012; Cain et al, 2004;
Mueller et al, 2008). Beta-blockade induced retrieval impairments have been found to persist
(Otis et al, 2011a, 2013; Otis et al, 2014) and may thus also have contributed to the loss of
fear and absence of fear recovery we observed on Day 3.

Second, our results of Day 3 are similar to those of previous studies combining beta-
blockade with single brief memory reactivation that have attributed the loss of fear and
absence of the return of fear to disrupted reconsolidation, i.e. an attenuation of the original
fear memory trace (Debiec ef a/, 2004; Kindt et a/, 2009; Misanin et a/, 1968; Nader et a/,
2000; Przybyslawski and Sara, 1997; Schwabe et a/, 2012; Sevenster et al, 2013b).
Reconsolidation and extinction have been suggested to be mutually exclusive processes
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where interventions only affect the dominant memory process (Eisenberg et a/, 2003). The
initiation of reconsolidation requires a single brief memory reactivation whereas we
repeatedly reactivated memory likely causing extinction to be the dominant memory process
effectively preventing reconsolidation to occur. Furthermore, reconsolidation is a time-
dependent process (Nader and Hardt, 2009), yet we already observe an effect of beta-
blockade over the multiple extinction trials, which might not be powerful enough to be
detected by a single reactivation trial, adding to our consideration that an effect on
reconsolidation is unlikely to explain our results.

Third, our results of Day 3 contrast with studies that report impaired consolidation of the
extinction memory trace due to beta-blockade resulting in increased fear one day later (Bos
et al, 2012; Mueller et al, 2008; Ouyang et a/, 2005). The role of noradrenaline in
strengthening learning and consolidation including that of extinction training is well-
established (Cain et a/, 2004; Davis et al, 1979; McGaugh, 2004). Further, central neural
signals can function as intrinsic reinforcer and drive fear-related neural plasticity (Clugnet
and LeDoux, 1990). We therefore conceive the possibility that phasic noradrenaline release
associated with fear expression functions as an intrinsic US resulting in the association of
conditioned fear with a novel context effectively supporting fear generalization. Thus,
eliminating expression of differential conditioned responses during extinction may have
prevented formation of an association between the new context and the retrieved fear
memory. In support of this idea, an effect of beta-blockade on retrieval may result in a
sustained reduction of emational memory due to new learning at the time of retrieval (Kroes
et al, 2010). In contrast, studies that have reported impaired consolidation of extinction due
to beta-blockade have tested extinction memory in the same context as in which
conditioning occurred (Bos et a/, 2012; Mueller et al, 2008; Ouyang et al, 2005), potentially
explaining discrepancies.

Linking beta-blockade effects on brain and behavior

Our results indicate that beta-blockade prior to extinction learning affected neural
functioning in the dmPFC, midbrain, and hippocampus. First, the dmPFC is considered to be
the human homologue of the rodent prelimbic cortex (Heidbreder and Groenewegen, 2003;
Ongur et al, 2003), suggested to support retention and retrieval of fear (Burgos-Robles et a/,
2009; Gilmartin and McEchron, 2005; Klavir et al, 2012; Schiller and Johansen, 2009), and
be affected by beta-blockade resulting in reduced retrieval of fear (Burgos-Robles et a,
2009; Gilmartin et a/, 2005; Muravieva et a/, 2010; Otis et a/, 2011a, 2013; Rodriguez-
Romaguera et a/, 2009). Similarly, we found that propranolol reduced, but not permanently
eliminated, responses to the CS+ in the dmPFC. Further, neural responses in this
propranolol-sensitive dmPFC region were related to the reduction of the simultaneous
expression of fear responses, congruent with previous reports (Klavir ef a/, 2012; Klumpers
et al, 2012; Klumpers et al). The drop in blood pressure on Day 2 induced by propranolol
was associated with reduced dmPFC responses, but not SCR, which implies that beta-
blockade effects on behavioral indices of fear are likely centrally mediated and not the result
of non-specific peripheral effects (Fig. S4, Supplemental Discussion). Considering the
occurrence of phasic noradrenaline responses to significant cues (Aston-Jones and Cohen,
2005) and the role of the dmPFC in retrieval of fear memories (Burgos-Robles et a/, 2009;
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Gilmartin et al/, 2005; Schiller et a/, 2009) we suggest that our findings align with an
interpretation where cue-evoked phasic rises in noradrenaline regulate retrieval of fear
memories via the dmPFC. Second, we observed greater conditioned responses for the
propranolol group in a midbrain region, but as we had no a prior hypothesis for a direct
relation between responses in this region and behavioral measures we will limit discussion
of this region to the Supplemental Information. Third, beta-blockade induced greater
differential hippocampal responses during the recall task on the next day. Previous studies
have suggested that the hippocampus is critical for context conditioning and extinction
(Bouton and King, 1983; Kalisch et a/, 2006; Milad et a/, 2007), thus we propose reduced
noradrenergic signaling may prevent fear generalization and result in the formation of new
contextual safety memories. In support of this suggestion we found the emergence of a
differential hippocampal conditioned response in the propranolol group associated with both
reduced measures of subsequent sympathetic recovery of fear and subsequent explicit
memory of the fearful events. Hence, our findings suggest that the hippocampus provides a
contextual safety signal resulting in reduced fear. Fourth, we found that a well-established
neural signature of prediction errors in the ventral striatum (O’Doherty et a/, 2003; Schiller
et al, 2008), that has been found to be affected by dopamine manipulation (Pessiglione et al,
2006), persisted during beta-blockade. We found greater neural prediction error responses to
be associated with greater learning as expressed in SCR, but not to be related to the loss of
fear or return of fear even though prediction-error related responses have been implied to
initiate reconsolidation (Sevenster et a/, 2013b). Collectively, this pattern of results is most
consistent with a model where beta-blockade can prevent the return of fear by reducing
retrieval of fear memory via the dmPFC and by increasing contextual safety learning via the
hippocampus.

Noradrenaline and multiple memory systems

Recent human studies report differential effects of beta-blockers on explicit versus implicit
measures of fear expression (Bos et al, 2012; Sevenster et al, 2013a), supporting the idea
that memory of multiple systems (Henke, 2010) may be affected differently by beta-
blockade (Muravieva et a/, 2010). Our results support these ideas, as we found that beta-
blockade caused a loss of sympathetic fear responses, merely attenuate explicit memory, but
left the subjective experience of fear unaffected. Moreover, while we detected a loss of fear
memory representations in the dmPFC, several other brain areas retained these
representations (Fig. S2, Table S3). A critical question for future research pertains to the
contribution of these regions to fear memory, and the possibility for expression of fear to
recover (Phelps et a/, 2001; Raio et a/, 2012), or the persistence of a cognitive representation
of fear that may be less sensitive to alteration (Kroes et a/, 2014; Kroes and Fernandez,
2012; Schiller and Phelps, 2011).

Future directions and conclusions

Beta-blockade might prevent output structures from driving fear responses (Cecchi et a/,
2002; Schulz et al, 2002), enhance extinction (Eisenberg et af, 2003), or disrupt
reconsolidation (Agren et al, 2012; Debiec et al, 2004; Nader et a/, 2000; Schiller et al,
2013), but our results are not consistent with such alternative explanations (see
Supplemental Discussion). Yet, a true exclusion of a contribution of these mechanisms to
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our results requires directed investigations beyond the scope of this study. In addition, if the
loss of fear and absence of the return of fear in our study is in fact due to new contextual
safety learning, then fear should renew in the original conditioning context (Bouton et a,
1983). Further, we found beta-blockade to affect sympathetic fear responses and explicit
memory for fearful events but how beta-blockade during extinction influences interactions
between different types of memory remains an open question. Finally, recent computations
latent cause models have tried to capture the difference between updating an old memory
and the formation of a new memory (Gershman et al, 2012). The idea is that if prediction
errors change slowly, new learning experiences are assigned as being generated from the
same underlying latent cause and effectively update the predictions of an old memory. If
prediction errors increase rapidly or if the context changes, new learning experiences are
inferred to be generated from a different underlying latent cause and effectively form a new
memory. In addition, recent experimental studies imply that high phasic noradrenergic
responses increase the likelihood that a memory is updated and low phasic responses that a
novel memory is formed (Eldar et al, 2013; Nassar et al, 2012). Based on this we speculate
that beta-blockade prior to extinction training in a different context could have ensured that
participants formed a new latent cause and learned that a situation was different and safe,
and when confronted with the same context the next day they may have retrieved this novel
contextual safety memory preventing fear. It would be worthwhile for future research to test
the effect of beta-blockade on prediction errors in contextual safety learning and compare
computational models that formalize this function (Gershman et al, 2012; Redish et al,
2007). Regardless of these limitations and questions for future investigations, the novelty of
our findings is twofold. First, we demonstrate a novel method to reduce fear and prevent fear
recovery by administering beta-blockers prior to extinction learning in humans. Second, by
investigating neural mechanisms, we reveal a role for noradrenaline in fear retrieval and new
contextual safety learning dependent on the dmPFC and hippocampus to be the most
parsimonious explanation for our findings. Our results provide support to studies
investigating the combined use of beta-blockers and exposure therapy aiming to improve
treatment of anxiety disorders.
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Figure 1. Results sympathetic fear responses and explicit memory for fearful events
A single dose of propranolol prior to extinction learning eliminated learned fear responses,

resulted in a subsequent loss of fear, prevented the return of fear, and attenuated explicit
memory of the fear full events one day later in the absence of drug. Placebo group (solid
bars), propranolol group (open bars), CS+ (red), CS— (blue), error bars reflect s.e.m. Critical
test scores per task are: Conditioning (panel 1): Late phase (trial 7-12) over both groups
(paired samples T-test #45) = —2.356, p = 0.023); Extinction (panel 2): Early phase (trial
1-6) placebo group (paired samples T-test £23) = 5.127, p < 0.001), propranolol group (£21)
=1.054, p = 0.308), and late phase (trial 7-12) placebo group (423) = 1.147, p = 0.263),
propranolol group (421) = 1.341, p = 0.194), and no absolute group differences in responses
to CS+ or CS- trials in the early nor late phase were revealed by independent samples T-
tests; early phase CS+ (£44) = -1.138, p = 0.261), early phase CS— (#44) = 0.493,p =
0.624), late phase CS+ (#44) = —0.813, p = 0.420), late phase CS— ({44) = -1.065, p =
0.293); Recall (pand 3): As the recall paradigm is principally a second extinction session,
extinction learning can be expected to occur rapidly. To maximize sensitivity to detect
spontaneous recovery effects, we therefore calculated for each CS type (CS+, CS-) the
average skin conductance for the early phase (trials 1-4), middle phase (trials 5-8), and late
phase (9-12). Early phase placebo group (paired T-test £23) = 5.127, p < 0.001), propranolol
group (#21) = 1.515, p = 0.145); Re-extinction (fourth panel): A reinstatement score was
calculated as the difference between the first re-extinction trial and the last trial of the recall
task for the CS+ and CS- for each participant. Note, reinstatement (4 unsignaled shocks)
occurred between recall and re-extinction. Placebo group (paired T-test {23) = 2.005, p =
0.057), propranolol group (#20) = -1.371, p = 0.186), independent samples T-tests for CS+
(#37.021) = 2.991, p = 0.004) and CS- (#43) = 0.232, p = 0.818). Contingency
guestionnaire (fifth panel): At the end of Day 3, participants who had received propranolol
on Day 2 underestimated the number of shocks they had received following CS+
presentation on Day 1 (independent samples T-tests Day 1 CS+ {43) = -2.560, p = 0.014,
CS- (43) = 0.453, p=0.653). Dotted line represents the actual number of received shocks
on Day 1.

Neuropsychopharmacology. Author manuscript; available in PMC 2016 September 22.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Kroes et al. Page 16

Day 2 Day 3

| Extinction I | Recall Re-extinction

propranolol/placebo [ no drug

52 45
3.1 31

Insula

S

Midbrain Hippocampus

dmPFC

vmPFC

Figure 2. BOLD-fMRI analysesrevealed neural regionsresponsive during fear extinction
Red: CS+>CS- (“activation’), blue: CS—>CS+ (“deactivation’). During extinction activation

of the dmPFC, bilateral insula, and midbrain was detected, and deactivation of the vmPFC.
At recall activation of the dmPFC and midbrain, and deactivation of the hippocampus and
amygdala was evident. During the re-extinction task we found activation of the bilateral
insula and dmPFC. Bars indicate T-values of main effects, activation clusters are displayed
overlaid on selective slices of a template brain, and thresholded at p<0.001 uncorrected.
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Figure 3. Beta-blockade effects on BOLD-fMRI
Propranolol administration affected the neural network of extinction learning. Analyses on

the extracted data from regions revealed by the main effects of task showed that during
extinction learning propranolol eliminated differential conditioned responses in the dmPFC
whilst increasing differential responses in the midbrain (paired t-tests CS+ vs CS— within the
placebo group for dmPFC: #23) = 2.395, £=10.025, and midbrain: #23) = 1.509, p = 0.145;
and the propranolol group dmPFC: £21) = -0.222, p = 0.826, and midbrain: {21) = 2.163, p
= 0.042). During the recall task the propranolol group showed differential conditioned
responses in the hippocampus, an effect not observed in the placebo group (paired T-tests
placebo group CS+ vs CS- early phase: 23) = 0.097, p = 0.924, and late phase: 423) =
-2.039, p = 0.053; propranolol group early phase: {21) = -3.085, p = 0.006, late phase:
#(21) = -2.615, p = 0.016). During the re-extinction task the propranolol group showed
reduced responses in the dmPFC (independent sample T-test averaging over all conditions:
#(43) = 2.091, p = 0.042). Placebo group (solid bars), propranolol group (open bars), CS+
(red), CS- (blue), early = average over the first half of the trials, late = average over second
half of the trials, error bars reflect s.e.m.
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Figure 4. Prediction error analysesresults
L eft: Analyses of prediction error related neural signals revealed an area in the ventral

striatum (SVC nucleus accumbens based on (Adcock et a/, 2006; Carter et a/, 2009). MNI:
-6, 8, 6. Z value = 4.93. Cluster size in number of significant voxels at p < 0.001,
uncorrected: 58). Middle: Ventral striatal prediction error-related activity was not modulated
by beta-blockade (independent samples T-test t(43) = 1.022, P = 0.313; placebo Mean:
2.585, s.e.m., 0.672, propranolol Mean: 1.432, s.e.m., 0.790). Right: Ventral striatal
prediction error-related activity was associated with greater differential SCR during
extinction (rg = 0.396, P = 0.007), but critically showed no correlation with spontaneous
recovery (rs = 0.039, P = 0.801) or reinstatement of fear (rs = 0.136, P = 0.379). Bar
indicates T-values of main effects. Activation clusters are displayed overlaid on selective
slices of a template brain, and thresholded at p<0.001. Display view follows neurological
convention, i.e. right hemisphere is depicted on the right. Placebo group (solid bars),
propranolol group (open bars), error bars reflect s.e.m.
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