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Abstract

Background: Hyperconsolidation of aversive associations and poor extinction learning have been hypothesized to be crucial in 
the acquisition of pathological fear. Previous animal and human research points to the potential role of the catecholaminergic 
system, particularly noradrenaline and dopamine, in acquiring emotional memories. Here, we investigated in a between-
participants design with 3 groups whether the noradrenergic alpha-2 adrenoreceptor antagonist yohimbine and the 
dopaminergic D2-receptor antagonist sulpiride modulate long-term fear conditioning and extinction in humans.
Methods: Fifty-five healthy male students were recruited. The final sample consisted of n = 51 participants who were 
explicitly aware of the contingencies between conditioned stimuli (CS) and unconditioned stimuli after fear acquisition. 
The participants were then randomly assigned to 1 of the 3 groups and received either yohimbine (10 mg, n = 17), sulpiride 
(200 mg, n = 16), or placebo (n = 18) between fear acquisition and extinction. Recall of conditioned (non-extinguished CS+ vs 
CS−) and extinguished fear (extinguished CS+ vs CS−) was assessed 1 day later, and a 64-channel electroencephalogram was 
recorded.
Results: The yohimbine group showed increased salivary alpha-amylase activity, confirming a successful manipulation of 
central noradrenergic release. Elevated fear-conditioned bradycardia and larger differential amplitudes of the N170 and late 
positive potential components in the event-related brain potential indicated that yohimbine treatment (compared with a 
placebo and sulpiride) enhanced fear recall during day 2.
Conclusions: These results suggest that yohimbine potentiates cardiac and central electrophysiological signatures of fear 
memory consolidation. They thereby elucidate the key role of noradrenaline in strengthening the consolidation of conditioned 
fear associations, which may be a key mechanism in the etiology of fear-related disorders.
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Introduction
Heightened attention toward threat facilitates survival but can 
also contribute to clinical fear (Maddox et  al., 2019). Whereas 
fear conditioning is construed as a core learning process in the 
etiology of anxiety and trauma-related disorders (Pittig et  al., 
2018), extinction learning is critical for the success of exposure 
therapy (Ressler, 2020). Noradrenergic (norepinephrine [NE]) 
activation, as induced by emotionally arousing experiences, 
is crucial for the formation and consolidation of new memory 
traces (Roozendaal et al., 2009; LaLumiere et al., 2017; Clewett 
and Murty, 2019). Exaggerated noradrenergic stimulation of the 
amygdala, hippocampus, and prefrontal brain areas plays a piv-
otal role in pathological fear, presumably mediated through ab-
errant conditioning and extinction (O’Donnell et al., 2004; Bowers 
and Ressler, 2015). Notably, overconsolidation of memories about 
life-threatening events due to amplified noradrenergic trans-
mission may lead to intrusive memories (Nicholson et al., 2014), 
which are hard to extinguish (Miedl et  al., 2020; Visser, 2020). 
Heightened threat responsiveness in posttraumatic stress dis-
order (PTSD) is mediated by hyperactivity of the locus coeruleus 
(Naegeli et al., 2018), the principal site for NE synthesis in the 
brain (Schwarz and Luo, 2015).

Rodent research has shown that stress-induced NE is crit-
ical for the consolidation of emotional memories (McGaugh, 
2013; Bowers and Ressler, 2015). Optogenetic activation of locus 
coeruleus fibers leads to enhanced fear conditioning, presum-
ably via NE release into the amygdala (Sears et  al., 2013). The 
drug yohimbine acts as an antagonist at α2-autoreceptors in 
the locus coeruleus and stimulates NE release (Dunlop et  al., 
2012, 2015; Singewald et al., 2015). Of note, yohimbine facilitates 
fear consolidation (Gazarini et al., 2013) and generates a PTSD-
like fear memory in rodents (Davis et al., 1979; Gazarini et al., 
2015). In humans, yohimbine strengthens consolidation of fear-
conditioned startle responses (Soeter and Kindt, 2011, 2012), in 
line with a hyperconsolidation hypothesis in PTSD (Nicholson 
et al., 2014). Yohimbine-induced stimulation of the NE system 
during initial fear consolidation may have long-lasting effects 
and lead to more stable memories about threat (Krenz et  al., 
2021).

In addition to its facilitating effect on fear consolidation, yo-
himbine may also enhance extinction (Cain et al., 2004; Hefner 
et  al., 2008; Fitzgerald et  al., 2014). This could have important 
clinical implications for the augmentation of exposure therapy 
(Mueller and Cahill, 2010). However, the results of rodent studies 
have been contradictory (Holmes and Quirk, 2010), and there is 
even evidence that yohimbine may enhance fear relapse (Morris 
and Bouton, 2007). Studies in humans suggest that yohimbine 
facilitates exposure therapy in PTSD (Tuerk et al., 2018), social 
anxiety disorder (Smits et al., 2014), and claustrophobia (Powers 
et al., 2009). However, others failed to replicate these effects for 

patients with a fear of flying (Meyerbroeker et al., 2012, 2018) and 
acrophobia (Meyerbroeker et al., 2018).

As outlined above, there is evidence that yohimbine facili-
tates fear consolidation. In contrast, some researchers have 
used yohimbine as a pharmacological complement to aug-
ment extinction learning during exposure therapy, but studies 
yielded mixed results (Holmes and Quirk, 2010). Experimental 
and therapeutic studies have either focused on fear consolida-
tion or aimed at boosting extinction, but the 2 mechanisms have 
not been adequately differentiated. Here, we fill this gap by as-
sessing yohimbine effects in an established paradigm (Mueller 
et al., 2014b) that allows us to distinguish the mechanisms spe-
cific to fear consolidation and extinction recall.

Furthermore, it remains unclear how yohimbine affects 
neural threat circuits in humans. Previous studies have tended 
to concentrate on peripheral measures (Soeter and Kindt, 2011, 
2012; Tuerk et al., 2018; Esser et al., 2020; Kuehl et al., 2020); in 
the current study, we combined peripheral (skin conductance, 
heart rate) and central (electroencephalogram [EEG]) physiology 
to measure the effects of yohimbine. We were interested spe-
cifically in the N170 component and the late positive potential 
(LPP). The LPP is a reliable marker of conditioned fear (Panitz 
et al., 2015; Bacigalupo and Luck, 2018; Sperl et al., 2021), and the 
N170 has also been amplified when faces served as conditioned 
stimuli (CS) (Levita et al., 2015; Camfield et al., 2016; Sperl et al., 
2021).

Besides its noradrenergic impact, yohimbine acts as an an-
tagonist at dopaminergic D2-receptors (Scatton et  al., 1980; 
Millan et  al., 2000; Holmes and Quirk, 2010). In particular, yo-
himbine may block D2-autoreceptors and lead to elevated cor-
tical dopamine (DA) levels (Gobert et  al., 1997, 1998; Holmes 
and Quirk, 2010). So far, it has not been ascertained whether 
the effects of yohimbine can be ascribed to noradrenergic or 
dopaminergic signaling. As with noradrenergic pathways, the 
dopaminergic system plays a crucial role in acquiring emotional 
memories (Likhtik and Johansen, 2019; Papalini et al., 2020). To 
disentangle effects of yohimbine on NE and DA, we applied a 
between-participants design with 3 groups. In addition to the 
yohimbine and placebo groups, a third group received the DA 
D2-receptor antagonist sulpiride. We reasoned that, if yohim-
bine effects are driven by NE (vs DA) transmission, the pharma-
cological effects on fear conditioning and extinction should be 
specific to the yohimbine group and should not generalize to the 
sulpiride group.

In sum, animal and initial human studies suggest that yo-
himbine can boost fear consolidation, but neurophysiological 
mechanisms have rarely been studied in humans. As has 
been noted, there is also tentative evidence that yohimbine 
may facilitate fear extinction and thus enhance the efficacy of 

Significance Statement
Hyperarousal (e.g., after traumatic events) leads to enhanced threat consolidation, which may play a crucial role in the etiology 
of pathological fear in posttraumatic stress and anxiety disorders. Rodent research has pointed to the important role of the 
noradrenergic system during hyperconsolidation of aversive associations. However, it is unclear whether noradrenergic arousal 
modulates neural markers of fear learning in humans. In the present study, we pharmacologically modulated central noradren-
aline release after fear acquisition in a 2-day fear conditioning paradigm. We show that the alpha-2 adrenoreceptor antagonist yo-
himbine, given to participants directly after fear acquisition, leads to elevated electrocortical and cardiovascular threat responses 
24 hours later. Heightened fear recall (for yohimbine) was indicated by potentiated amplitudes of the N170 and LPP event-related 
brain potentials (electroencephalography) and by elevated fear-conditioned bradycardia (electrocardiography). Our data suggest 
that yohimbine may provide a striking laboratory model to elucidate neural mechanisms in the etiology of clinical fear.
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exposure therapy. Our study aims to elucidate (1) how yohim-
bine differentially affects fear consolidation and extinction 
learning, (2) which brain correlates underlie these mechanisms, 
and (3) whether the effects of yohimbine are driven specifically 
by noradrenergic stimulation.

METHODS

Participants

We recruited 55 healthy male students who were then randomly 
assigned to the 3 above-mentioned groups (exclusion criteria 
in Supplement A). One participant did not complete the study. 
Three participants were excluded because they fulfilled our cri-
terion of “unlikely explicit contingency awareness” (i.e., higher 
awareness ratings for CS− than CS+ after acquisition, as defined 
by Sperl et  al., 2019). Therefore, the final sample consisted of 
51 participants (n = 17 yohimbine group, n = 16 sulpiride group, 
n = 18 placebo group). We tested males only because yohimbine’s 
neural effects are sex dependent (Schwabe et al., 2013) and es-
trogen levels modulate fear and extinction recall (Merz et  al., 
2018; Bierwirth et al., 2021). The study protocol was approved by 
the ethics committee of the German Psychological Society.

Experimental Paradigm

Participants underwent a well-established 2-day fear condi-
tioning/extinction paradigm (Mueller et al., 2014b) with acqui-
sition and extinction stages on day 1 and a recall test on day 
2 (Figure 1A). During acquisition, 2 CS+ (CS+E [extinguished 
CS+] and CS+N [non-extinguished CS+]) and 2 CS− (CS−E [extin-
guished CS−] and CS−N [non-extinguished CS−]) were presented 
60 times. Neutral faces (Ekman and Friesen, 1976) served as CSs 
(Supplement B). In differential fear conditioning paradigms, CS+ 
describes a CS that is paired with an aversive unconditioned 
stimulus (US). The CS− serves as a control stimulus that is never 
paired with the US. Both CS+ co-terminated with a white noise 
US (Sperl et  al., 2016) at a partial reinforcement rate of 50%. 
Three hours after acquisition, participants began extinction 
training. One of the 2 CS+ (CS+E) and 1 of the 2 CS− (CS−E) were 
presented 40 times each in random order to extinguish threat 
responses to the CS+E. The other 2 CSs (CS+N and CS−N) and 
the US were not presented during extinction to leave learned re-
sponses to CS+N and CS−N fully intact. A novel face was shown 
20 times to maintain some variability of stimuli.

Between acquisition and extinction, participants received (in 
a double-blind manner) an oral dose of either yohimbine hydro-
chloride (10 mg), sulpiride (200 mg), or a placebo. Yohimbine (45–
75 minutes) and sulpiride (3–4 hours) vary in the time they take 
to reach peak plasma concentrations (Supplement C). To ensure 
peak plasma levels at a similar time prior to extinction, each 
participant ingested 2 capsules (Figure 1B). We assessed salivary 
α-amylase activity (sAA; Supplement D) to confirm yohimbine’s 
successful influence on central NE (Ehlert et al., 2006; Nater and 
Rohleder, 2009; Ditzen et al., 2014).

During a recall test approximately 26 hours after extinction, 
all stimuli (CS+E, CS+N, CS−E, CS−N) were presented 60 times 
each without any US presentation. By computing differen-
tial responses for extinguished (CS+/−E) and non-extinguished 
(CS+/−N) stimuli separately, extinction recall could be distin-
guished from fear recall on day 2.  Participants were asked to 
rate each CS with regard to its associated arousal, valence, and 
perceived CS–US contingency (Supplement B).

Physiological Data

Peripheral physiological data (skin conductance and electrocar-
diogram) were collected during all stages. Participants received 
yohimbine, sulpiride, or a placebo between acquisition and ex-
tinction. We were interested specifically in the pharmacological 
influences on neural threat signatures during subsequent ex-
tinction and fear/extinction recall 26 hours later. Hence, in add-
ition to peripheral measures, we recorded EEG (64 channels) 
during the day 1 extinction and day 2 recall stages.

Recording and preprocessing details are described in 
Supplement E. Skin conductance response (SCR) scores 
(amplitude-sum within 1–5 seconds after CS onset) were calcu-
lated. To capture CS-evoked cardiac deceleration (Thigpen et al., 
2017; Panitz et al., 2018), the mean heart period change from 2 to 
5 seconds after CS onset was extracted. EEG data were high-pass 
(0.1 Hz) and notch-filtered (50 ± 2.5 Hz), corrected using in-
dependent component analysis (ocular artifacts), manually 
screened, and low-pass filtered (30 Hz). Afterward, we quantified 
N170 (145–185 milliseconds at left/right occipito-temporal elec-
trodes T7/8, TP7/8, TP9/10, P7/8, PO9/10) and LPP (400–800 milli-
seconds at parieto-occipital electrodes P1, Pz, P2, PO3, POz, PO4, 
O1, Oz, O2) amplitudes (Supplement E).

Statistical Analyses

Statistical tests were performed using SPSS 28 (IBM, Armonk, 
NY, USA), and P ≤ .05 (2-sided) was required to reach significance. 
Each experimental phase (day 1 acquisition, day 1 extinction, 
and day 2 recall test) was analyzed separately.
Affective CS Ratings and Peripheral Physiology—We expected 
higher ratings of arousal and negative valence after fear acqui-
sition for both CS+ (CS+E, CS+N) compared with both CS− (CS−E, 
CS−N), which was assessed by contingency (CS+, CS−) × later ex-
tinction status (E = extinguished, N = not extinguished) × group 
(yohimbine, sulpiride, placebo) ANOVAs. At the peripheral 
physiological level, successful fear conditioning should be ac-
companied by higher SCRs (Mueller et  al., 2014b) and relative 
cardiac deceleration (“fear-conditioned bradycardia”; Panitz 
et al., 2015) for both CS+ (CS+E, CS+N) compared with both CS− 
(CS−E, CS−N). For extinction, we computed contingency (CS+E, 
CS−E) × time (affective CS ratings: before/after extinction; skin 
conductance and heart period: first/last 10 trials) × group (yo-
himbine, sulpiride, placebo) ANOVAs because we expected a de-
crease of conditioned (CS+E vs CS−E) responses (Jentsch et al., 
2020; Seligowski et al., 2020). At the beginning of the day 2 re-
call, contingency × extinction status × group ANOVAs were car-
ried out. Successful fear and extinction recall on day 2 would 
be evident from larger affective and physiological responses for 
CS+N compared with CS−N, while responses following CS+E and 
CS−E should be similar. To achieve a sufficient signal-to-noise 
ratio for EEG recordings (Huffmeijer et al., 2014), we presented 
many CS trials during the day 2 recall stage (60 trials per CS 
type). Because of a rapid habituation of fear-conditioned SCRs 
(Sperl et al., 2019) and bradycardia (Panitz et al., 2018), peripheral 
measures of fear and extinction recall on day 2 were assessed 
during the first 10 trials.
Electroencephalography—As described above, we quantified N170 
and LPP amplitudes, which are sensitive to the strength of con-
ditioned threat (Camfield et al., 2016; Bacigalupo and Luck, 2018; 
Sperl et al., 2021). With regard to N170, an ANOVA including the 
within-participant factors contingency (CS+, CS−) × hemisphere 
(left, right) × electrode (T7/8, TP7/8, TP9/10, P7/8, PO9/10) and 
the between-participants factor group (yohimbine, sulpiride, 
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Plasma Peak
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A Two-Day Fear Conditioning and Extinction Paradigm

t1 t2

Figure 1.  Experimental fear conditioning and extinction paradigm used in the present study. (A) Stimulus types and number of presentations during the 3 experimental phases. 

During acquisition training on the first day, 2 conditioned stimuli (2 CS+: “extinguished” [CS+E] and “non-extinguished” [CS+N]) were reinforced with (“w/”) an aversive un-

conditioned stimulus (US), which consisted of an unpleasant white noise burst (contingency of 50%). Conversely, 2 other conditioned stimuli (2 CS−: CS−E and CS−N) were not 

paired with the US (“w/o”). Afterward, participants underwent extinction training, during which only 1 CS+ (CS+E) and 1 CS− (CS−E) were shown. The CS+N and CS−N were not 

presented during extinction training. A novel face (“dummy stimulus”) was shown to maintain some variability of stimuli. On the second day, all stimuli were presented during 

a recall test without US presentation. To identify effects specific to fear vs extinction recall, we compared differential responses for non-extinguished stimuli (CS+N minus CS−N) 

with differential responses for extinguished stimuli (CS+E minus CS−E). Electrocardiogram (ECG) and electrodermal activity (EDA) were assessed during all stages. In addition to 

these peripheral measures, we recorded an electroencephalogram (EEG) during the day 1 extinction and day 2 recall stages. (B) Pharmacological challenge. Between fear acqui-

sition and extinction stages, participants received an oral dose of either 10 mg of yohimbine hydrochloride (YOH, n = 17), 200 mg of sulpiride (SUL, n = 16), or a placebo pill (PLA, 

n = 18). All participants were tested at the same time of day to control for effects of circadian rhythms. Note that both substances (yohimbine and sulpiride) differ in the time they 

take to reach peak plasma concentration. Thus, sulpiride was administered at 9:40 am (= t1) and yohimbine at 11:55 am (= t2) to ensure that participants from both experimental 

groups reached peak plasma levels at a similar point. To guarantee successful blinding for experimenters and participants, each participant received 2 capsules. Participants in 

the sulpiride group received the active substance sulpiride 3 hours prior to extinction at t1 and a placebo pill at t2. Participants in the yohimbine group received yohimbine 45 

minutes prior to extinction at t2 and a placebo pill at t1. For participants in the placebo group, both capsules contained placebo pills. All participants received a standardized light 

breakfast (water and 1–2 bread rolls with jam, hazelnut cocoa spread, cheese, or sausage) between the 2 capsules.
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placebo) was computed for day 1 extinction. To analyze LPP 
during extinction, we performed a contingency (CS+, CS−) × elec-
trode (P1, Pz, P2, PO3, POz, PO4, O1, Oz, O2) × group (yohimbine, 
sulpiride, placebo) ANOVA. The N170 and LPP ANOVAs for day 2 
fear/extinction recall included the additional within-participant 
factor extinction status (E, N).

Significant effects of mixed-model ANOVAs (including 
the between-participants factor group and several within-
participant factors, as described above) were further ana-
lyzed using follow-up ANOVAs and t tests within groups. The 
Greenhouse-Geisser (1959) adjustment was used to correct for 
violations of sphericity.

Data and Code Availability

Deidentified data along with a code-book and analysis scripts 
are posted at https://doi.org/10.5281/zenodo.6833565.

RESULTS

Manipulation Check Drug Administration: Salivary 
α-Amylase

Yohimbine administration (vs placebo) increased sAA activity 
(Figure 2) directly before (t(32) = 2.34, P = .026) and after extinc-
tion (t(32) = 2.26, P = .032), confirming the successful manipulation 
of NE release. There was no difference between groups before 

ingestion of the first capsule (P = .820) and before day 2 recall 
(P = .871). Sulpiride did not significantly elevate sAA activity (at 
all time points Ps ≥ .147).

Day 1 Fear Acquisition

Affective CS ratings and peripheral physiological responses con-
firmed successful fear conditioning (see Supplement G for details). 
The 2 CS+ (CS+E and CS+N), relative to the 2 CS− (CS−E and CS−N), 
evoked larger SCRs (contingency main effect, F(1,48) = 15.87, P < .001) 
and stronger cardiac deceleration (“fear-conditioned brady-
cardia”; F(1,47) = 44.94, P < .001) and were assessed as significantly 
more arousing (F(1,48) = 27.36, P < .001) and unpleasant (F(1,48) = 23.46, 
P < .001).

Day 1 Fear Extinction

The contingency × time × group ANOVAs on CS arousal ratings 
and CS-evoked SCRs revealed significant contingency main ef-
fects. Specifically, the CS+E was still rated as significantly more 
arousing than CS−E (F(1,48) = 20,89, P < .001) and generated elevated 
SCRs (F(1,48) = 4.09, P = .049). ANOVAs on valence ratings, heart 
period, and N170/LPP did not yield significant effects involving 
contingency (Ps ≥ .081).

During extinction, we did not observe significant interactions 
with the group factor (Ps ≥ .081). This finding is in keeping with 
previous studies suggesting that yohimbine affects mainly con-
solidation processes (Soeter and Kindt, 2011, 2012), which occur 

Day 1 Day 2

Experimental Manipulation Check: Yohimbine Increases Salivary α-Amylase Activity
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Figure 2.  Between fear acquisition and extinction stages, participants received an oral dose of either 200 mg of sulpiride (SUL at t1; n = 16), 10 mg of yohimbine hydro-

chloride (YOH at t2; n = 17), or a placebo pill (n = 18). Salivary α-amylase activity (sAA) was assessed to confirm the successful influence of yohimbine on central nor-

adrenaline (NE) release. Saliva samples were collected by using the passive drool method on both days at several time points (day 1: 9:30 am, 11:30 am, 11:57 am, 12:07 

pm, 12:17 pm, 12:27 pm, 12:37 pm, 1:15 pm, and 2:15 pm; day 2: 3:00 pm). Compared with the placebo, yohimbine administration was associated with significantly elevated 

sAA activity directly before (12:37 pm) and after (1:15 pm) extinction training. Mean (± between-participants SEM) sAA activity values are displayed. All participants were 

tested at the same time of day to control for effects of circadian rhythms. *P ≤ .05.
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Figure 3.  Fear-conditioned bradycardia (mean heart period change 2–5 seconds after the onset of conditioned stimuli [CS]) during day 2 recall. (A) The ANOVA for 

CS-evoked heart period changes revealed a significant contingency × extinction status × group interaction. Only the yohimbine group showed stronger cardiac decel-

eration for the non-extinguished CS+N compared with CS−N, indicating enhanced recall of fear-conditioned bradycardia. Mean (± within-participant SEM, adjusted 

within each group; O’Brien and Cousineau, 2014) heart period changes after CS onset are displayed. (B) The waveform of CS-evoked heart period changes is shown for 

extinguished (CS+E, CS−E; upper panels) and non-extinguished (CS+N, CS−N; lower panels) stimuli, separately for the yohimbine (n = 17; left panels), sulpiride (n = 16; 

middle panels), and placebo groups (n = 18; right panels). The time series of the interbeat interval was segmented into epochs ranging from –1 to 8 seconds relative 

to the CS onset, baseline corrected (1 second pre-CS), and averaged across trials for each CS type. Gray-shaded areas indicate time windows for statistical analyses.
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Figure 4.  N170 component evoked by conditioned stimuli (CS) during day 2 recall. The ANOVA on mean amplitudes (145–185 milliseconds post-CS) yielded a significant 

contingency × extinction status × hemisphere × electrode × group interaction. Only the yohimbine group showed significantly larger (i.e., more negative) N170 amplitudes 

for the non-extinguished CS+N compared with CS−N, and effects were restricted to the electrodes TP10, P8, and PO10 over the right hemisphere. To illustrate (A) mean 

voltage changes (± within-participant SEM, adjusted within each group; O’Brien and Cousineau, 2014) and (B) event-related potential (ERP) waveforms, the electrode 

sites TP10, P8, and PO10 were averaged. The electroencephalographic data were referenced against electrode Cz, as this central reference highlights better the N170 at 

occipito-temporal electrodes (Joyce and Rossion, 2005). Gray-shaded areas indicate time windows for statistical analyses. The CS-evoked N170 waveform is shown for 

extinguished (CS+E, CS−E; upper panels) and non-extinguished (CS+N, CS−N; lower panels) stimuli, separately for the yohimbine (n = 17; left panels), sulpiride (n = 16; 

middle panels), and placebo groups (n = 18; right panels).
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Figure 5.  Late positive potential (LPP) component evoked by conditioned stimuli (CS) during day 2 recall. The ANOVA on mean amplitudes (400–800 milliseconds 

post-CS) yielded a significant contingency  ×  extinction status  ×  group interaction. Only the yohimbine group showed significantly larger (i.e., more positive) LPP amp-

litudes for the non-extinguished CS+N compared with CS−N. As there was no significant interaction with the electrode factor, all parieto-occipital electrodes (P1, Pz, 

P2, PO3, POz, PO4, O1, Oz, and O2) were averaged to illustrate (A) mean voltage changes (± within-participant SEM, adjusted within each group; O’Brien and Cousineau, 

2014) and (B) event-related potential (ERP) waveforms. The electroencephalogram was referenced to the average of TP9 and TP10 (mastoids), which is consistent with 

the majority of LPP studies (Hajcak et al., 2012; Hajcak and Foti, 2020). The mastoid reference allows emotion-related LPP modulations to be better highlighted (Hajcak 

et al., 2012). Gray-shaded areas indicate time windows for statistical analyses. The CS-evoked LPP waveform is shown for extinguished (CS+E, CS−E; upper panels) and 

non-extinguished (CS+N, CS−N; lower panels) stimuli, separately for the yohimbine (n = 17; left panels), sulpiride (n = 16; middle panels), and placebo groups (n = 18; 

right panels).
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predominantly during sleep (Pace-Schott et al., 2015); therefore, 
yohimbine effects would be expected especially on day 2.

Day 2 Recall: Affective Ratings and Peripheral 
Physiological Data

The contingency × extinction status × group ANOVA for arousal 
ratings at the beginning of day 2 recall showed a significant con-
tingency main effect (F(1,48) = 25.74, P < .001). Both CS+E and CS+N 
were rated as significantly more arousing compared with CS−E 
and CS−N. Likewise, we observed elevated SCRs for both CS+ 
compared with both CS− (contingency main effect, F(1,48) = 8.79, 
P = .005). The ANOVA on valence ratings did not yield any signifi-
cant effects (Ps ≥ .159). Contrary to our hypotheses, there were 
no significant interactions with the extinction status or group 
factors (Ps ≥ .215) for affective ratings and SCRs.

The ANOVA on heart period data (Figure 3), however, re-
vealed a significant contingency × extinction status × group 
interaction (F(2,48) = 4.27, P = .020, η2p =.151). To further assess the 
influence of the pharmacological manipulation on fear/extinc-
tion recall, we ran separate follow-up contingency × extinction 
status ANOVAs for each of the 3 groups. In contrast to prior 
studies (Panitz et  al., 2015, 2018), we observed no significant 
main effects or interactions within the placebo (Ps ≥ .261) and 
sulpiride (Ps ≥ .370) groups; this indicates an absence of fear re-
call. Importantly, only the yohimbine group showed a significant 
contingency × extinction status interaction (F(1,16) = 4.70, P = .046, 
η2p = .227). For the yohimbine group, differential fear responses 
were significantly greater for non-extinguished vs extinguished 
stimuli. In particular, the non-extinguished CS+N was associ-
ated with stronger cardiac deceleration than the CS−N (t(16) = 2.68, 
P = .016), reflecting successful fear recall. Conversely, there was 
no difference in the cardiac deceleration response between the 
extinguished CS+E and CS−E (t(16) = −0.17, P = .870). In conclusion, 
yohimbine administration on day 1 was associated with en-
hanced recall of fear-conditioned bradycardia on day 2.

Day 2 Recall: Electroencephalographic Data

N170—EEG responses closely mirrored the influence of yohim-
bine on fear-conditioned bradycardia. The ANOVA on N170 amp-
litudes (Figure 4) revealed a significant contingency × extinction 
status × hemisphere × electrode × group interaction (F(8,192) = 2.60, 
P = .016, η2p  = .098). Unexpectedly (but in line with our heart 
period data), follow-up contingency × extinction status × hemi-
sphere × electrode ANOVAs for the placebo and sulpiride groups 
did not reach significance (with the exception of electrode main 
effects, Ps ≤ .001). However, in the yohimbine group, we observed 
a significant contingency × extinction status × hemisphere × 
electrode interaction (F(4,64) = 5.30, P < .001, η2p  = .249). Convergent 
with prior observations that N170 responses are usually more 
pronounced in the right brain hemisphere (Eimer, 2011; Rossion 
and Jacques, 2012), significant contingency × extinction status 
interactions were confirmed at 3 right hemispheric electrodes: 
TP10 (P = .013), P8 (P = .006), and PO10 (P = .040). The N170 ampli-
tude was significantly larger (more negative) for the CS+N com-
pared with CS−N (TP10: P = .033; P8: P = .008; PO10: P = .020). In 
contrast, there was no difference between the CS+E and CS−E 
(TP10: P = .517; P8: P = .496; PO10: P = .774).
LPP—For the LPP period (Figure 5), the ANOVA showed a sig-
nificant contingency × extinction status × group interaction 
(F(2,48) = 3.43, P = .041, η2p  = .125). Follow-up ANOVAs for the placebo 
and sulpiride groups indicated significant electrode main effects 
(Ps ≤ .024) but no further main effects or interactions (Ps ≥ .198). 
Only the ANOVA for the yohimbine group revealed a significant 
contingency × extinction status interaction (F(1,16) = 4.61, P = .047, 

η2p = .224); this complemented our N170 results. We observed 
larger LPP amplitudes for CS+N compared with CS−N (t(16) = 3.15, 
P = .006) within the yohimbine group. Conversely, there was no 
significant difference between LPP responses following CS+E 
and CS−E (t(16) = 1.25, P = .229).

Discussion

Noradrenergic hyperactivity plays a pivotal role in fear-related 
disorders (Krystal and Neumeister, 2009; LaLumiere et al., 2017; 
Giustino and Maren, 2018). Our primary goal was to elucidate 
NE effects on brain correlates of fear and extinction consolida-
tion. Between conditioning and extinction, participants received 
either the α2-adrenoreceptor antagonist yohimbine (which leads 
to increased noradrenergic stimulation), the D2-receptor antag-
onist sulpiride (at low dose, which is thought to increase dopa-
minergic transmission), or a placebo. Sulpiride was added to 
exclude the possibility that yohimbine effects might be driven 
by DA because yohimbine (besides causing marked NE actions) 
also shows considerable affinity at D2-receptors (Scatton et al., 
1980; Millan et al., 2000). The next day, we assessed peripheral 
and neural responses associated with fear and extinction recall. 
Notably, post-conditioning noradrenergic—but not dopamin-
ergic—stimulation facilitated fear recall 1  day later, as mani-
fested by fear-conditioned bradycardia and larger N170 and LPP 
amplitudes.

During day 2 recall, we compared differential responses to 
non-extinguished (CS+N minus CS−N) with extinguished (CS+E 
minus CS−E) stimuli to identify effects specific to fear vs ex-
tinction recall. Importantly, only participants who received 
yohimbine showed relative cardiac deceleration (bradycardia) 
for stimuli that had been fear conditioned and not extin-
guished (CS+N compared with CS−N). No effects for this con-
trast emerged for the placebo and sulpiride groups. Responses 
after extinguished CS+E were similar to CS−E in each of the 3 
groups. Together, these results indicate that yohimbine select-
ively strengthened fear consolidation, resulting in robust fear 
recall on the second day.

Remarkably, neural responses during day 2 closely resembled 
the effects we observed on fear-conditioned bradycardia. Only 
participants in the yohimbine group showed significantly larger 
(more negative) amplitudes of the face-sensitive N170 compo-
nent for the non-extinguished CS+N compared with CS−N, re-
flecting fear recall. This effect was absent in the sulpiride and 
placebo groups. The N170 component is a mid-latency, negative-
going event-related potential component maximal over occipito-
temporal scalp regions, which is particularly large in response 
to fear-conditioned (Pizzagalli et  al., 2003; Dolan et  al., 2006; 
Steinberg et  al., 2012; Levita et  al., 2015; Camfield et  al., 2016; 
Mueller and Pizzagalli, 2016; Sperl et al., 2021) faces (Eimer, 2011; 
Schweinberger, 2011; Rossion and Jacques, 2012). Under the as-
sumption that the N170 component is sensitive to variations in 
attention allocation (Eimer, 2000, 2018), elevated fear recall in the 
yohimbine group may thus indicate enhanced recruitment of 
attentional resources to faces that have been fear conditioned, 
consolidated under high levels of noradrenergic arousal, and 
not extinguished on the previous day. Interestingly, we observed 
larger N170 amplitudes for CS+N vs CS−N only at sensors over 
the right hemisphere, converging with the lateralization effects 
reported in previous fear-conditioning studies (Pizzagalli et al., 
2003; Levita et al., 2015; but see Camfield et al., 2016). N170 ampli-
tudes are typically larger over the right hemisphere (Eimer, 2011; 
Rossion and Jacques, 2012). This accords with the hypothesis of 
a right hemispheric advantage in face (Frässle et al., 2016) and 
danger-related emotion processing (Gainotti, 2019).
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Like N170 effects, LPP amplitudes were enhanced for the 
CS+N vs CS−N, specifically in the yohimbine group. There was no 
significant difference between CS+N and CS−N in the sulpiride 
and placebo groups. The LPP is a late-latency parieto-occipital 
positivity (Hajcak et al., 2012, 2018), indicating sustained atten-
tion and elaborated neural processing (Wieser and Keil, 2020) 
due to stimulus significance (Hajcak and Foti, 2020). It is reliably 
elevated in response to fear-conditioned stimuli (Panitz et  al., 
2015; Bacigalupo and Luck, 2018; Seligowski et  al., 2018; Stolz 
et al., 2019; Sperl et al., 2021) and is even sensitive to NE-related 
genetic influences on fear conditioning (Javanbakht and Poe, 
2016; Panitz et  al., 2018). LPP activity appears to be generated 
through the locus coeruleus NE system, which potentiates re-
sponding to arousing and motivationally significant stimuli 
(Nieuwenhuis et al., 2005; Hajcak et al., 2010; Hajcak and Foti, 
2020). Collectively, our findings suggest that the administration 
of yohimbine strengthens neural signatures of conditioned fear 
that are linked to motivational NE circuits in the brain.

In contrast to some studies reporting threat responses with 
regard to N170 and LPP (Camfield et  al., 2016; Bacigalupo and 
Luck, 2018; Sperl et al., 2021), we did not find N170/LPP threat 
modulations on day 2 in the placebo group. However, this ob-
servation is in line with previous studies that have applied very 
similar 2-day conditioning paradigms. In 2 prior datasets (Panitz 
et al., 2015; Muench et al., 2016), for example, we were unable 
to detect reliable conditioning effects on N170 or LPP ampli-
tudes on the second day. In another study (Panitz et al., 2018), 
LPP amplitudes and fear-conditioned bradycardia on day 2 were 
elevated for CS+N compared with CS−N, but only in individuals 
of the Val/Val genotype of the COMT Val158Met polymorphism. 
Taken together, these findings suggest that robust threat re-
sponses can only be observed on day 2 after sufficient fear con-
solidation (e.g., as induced through NE release).

Regarding extinction recall, heart period, N170, and LPP re-
sponses did not differ between the CS+E and CS−E in any of the 3 
groups. The lack of yohimbine effects on extinction learning adds 
to the considerable heterogeneity of findings from animal (Morris 
and Bouton, 2007; Holmes and Quirk, 2010) and human (Powers 
et al., 2009; Meyerbroeker et al., 2012, 2018; Smits et al., 2014; Tuerk 
et al., 2018) studies. While there is converging evidence that NE 
strengthens fear consolidation, it has been discussed that NE may 
have bidirectional (i.e., facilitating and inhibiting) effects on ex-
tinction (Giustino and Maren, 2018; Likhtik and Johansen, 2019; 
Giustino et al., 2020). Nevertheless, we may speculate as to why 
we did not observe yohimbine effects on extinction. Specifically, 
animal research suggests that yohimbine leads to faster fear 
extinction, that is, fewer trials are needed for successful fear re-
duction (Cain et al., 2004). We used a relatively high number of 
extinction trials to ensure a sufficient signal-to-noise ratio for the 
event-related potential computation (Huffmeijer et al., 2014). This 
may have resulted in a ceiling effect, so there may have been little 
left to be augmented by yohimbine (Meyerbroeker et  al., 2018). 
Furthermore, in contrast with typical animal paradigms (Holmes 
and Quirk, 2010), acquisition and extinction took place on the 
same day. A  longer interval between both experimental stages 
might be required to allow for sufficient fear memory consolida-
tion before extinction (Maren, 2014; Dudai et al., 2015).

As discussed earlier, the pharmacology of yohimbine includes 
noradrenergic but also dopaminergic effects (Scatton et al., 1980; 
Millan et al., 2000; Holmes and Quirk, 2010). After yohimbine in-
take, sAA activity increased and was significantly larger relative to 
the placebo group, reflecting elevated release of central NE (Ehlert 
et al., 2006; Nater and Rohleder, 2009; Ditzen et al., 2014). To dis-
entangle putative NE and DA effects of yohimbine, another group 
received the DA D2-receptor antagonist sulpiride. The absence 

of sulpiride effects, together with elevated sAA activity for the 
yohimbine group, suggests that yohimbine facilitated fear con-
solidation presumably through heightened NE release. By using 
sulpiride, we tried to mimic the effect of an increase in brain 
DA levels without the noradrenergic component of yohimbine. 
Nevertheless, we cannot exclude the possibility that concomitant 
facilitation of noradrenergic and dopaminergic release might be 
necessary to achieve the effect of yohimbine on fear consolida-
tion. To rule out this alternative explanation, it would be necessary 
to include another experimental group, which receives a joint ad-
ministration of yohimbine combined with a broad DA-receptor an-
tagonist. In line with these interpretations, rodent studies showed 
that the combined DA and NE reuptake-blocker methylphenidate 
facilitates fear acquisition (Carmack et al., 2014b) and extinction 
(Abraham et al., 2012), but effects seem to depend on the chosen 
dose (Carmack et al., 2014a, 2014b). Haaker et al. (2013) demon-
strated that administration of the DA precursor L-DOPA after fear 
extinction reduces the return of fear in both mice and humans. 
Together, these findings support the hypothesis that DA does in-
deed modulate fear learning, but dose and time of drug adminis-
tration (e.g., before/after extinction) may be relevant. Sulpiride has 
been reported to facilitate extinction learning in mice (Ponnusamy 
et al., 2005), but another study has found attenuated fear extinc-
tion after sulpiride injection into the rat amygdala (Shi et al., 2017). 
These divergent findings (Ponnusamy et al., 2005; Yim et al., 2009; 
Dubrovina and Zinov’eva, 2010; Mueller et al., 2010; Stockhorst and 
Antov, 2015; Shi et al., 2017) may be explained by a recent study in 
rats suggesting that sulpiride can reduce fear expression but has 
no effect on acquisition/extinction learning (de Vita et al., 2021). 
Furthermore, depending on the chosen dose, sulpiride can lead 
to opposing effects due to pre- vs postsynaptic actions (Holmes 
and Quirk, 2010; Crockett and Fehr, 2014). In the present study, we 
used a relatively low dose of 200 mg, which is assumed to block 
primarily presynaptic autoreceptors, resulting in a net stimulatory 
effect on dopaminergic transmission (Tagliamonte et  al., 1975; 
Mereu et al., 1983; Kuroki et al., 1999). Nevertheless, presynaptic 
and postsynaptic effects of sulpiride are not completely separable. 
In particular, it is not entirely clear where in the brain DA levels 
are increased by oral administration of low-dose sulpiride (Dodds 
et al., 2009; Ford, 2014; Brandão and Coimbra, 2019). Furthermore, 
the effects of sulpiride may vary between individuals depending 
on DA-related personality traits (Mueller et al., 2014a; Wacker and 
Smillie, 2015).

In addition to noradrenergic and dopaminergic actions, yo-
himbine also has significant affinity for serotonergic receptors 
(Millan et al., 2000), which has been largely ignored in the fear-
conditioning literature (Holmes and Quirk, 2010). In the present 
study, we tried to control for dopaminergic mechanisms, but we 
cannot draw any conclusions about serotonergic actions of yo-
himbine. Several studies suggest that, in addition to NE and DA, 
modulations of the serotonergic system affect fear conditioning 
and extinction (Bauer, 2015). In light of the limited specificity of 
yohimbine, future studies should try to replicate our findings 
with a higher affinity and more selective α2-adrenoreceptor an-
tagonist, such as atipamezole or MK-912 (Pettibone et al., 1989; 
Pertovaara et al., 2005; Proudman et al., 2022).

Hypervigilance is a core symptom of PTSD and other fear-
related disorders (Javanbakht and Poe, 2016). It is character-
ized by abnormally elevated arousal and hyperactivity of the 
noradrenergic system (Morris et  al., 2020). Yohimbine experi-
mentally mimics the effects of noradrenergic arousal (Schwabe 
et al., 2013; LaLumiere et al., 2017). The NE system is highly vul-
nerable to sustained and uncontrollable stress, resulting in sen-
sitization and persistent hyperarousal (Krystal and Neumeister, 
2009; Kapfhammer, 2013). These processes lead to enhanced 
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consolidation of emotional memories, which are more robust, 
detailed, vivid, and longer-lasting (Weymar and Hamm, 2013; 
McGaugh, 2013, 2015). Classical conditioning is an etiological 
mechanism, but not everybody who experiences traumatic 
events develops a mental disorder (Beckers et  al., 2013; Duits 
et  al., 2015; De Houwer, 2020). Notably, it has been suggested 
that high arousal levels after traumas play a key role in potenti-
ated consolidation of CS–US associations, ultimately contrib-
uting to the development of pathological fear (Kapfhammer, 
2013; Javanbakht and Poe, 2016). Specifically, higher heart rate 
shortly after a traumatic event has been reported in individuals 
who subsequently developed PTSD (Shalev et al., 1998; Bryant 
et al., 2000), which is consistent with overconsolidated memory 
networks due to heightened arousal (Javanbakht and Poe, 2016; 
Clewett and Murty, 2019; Krenz et  al., 2021). Our data support 
this hypothesis; they demonstrate that noradrenergic hyper-
activity after conditioning boosts fear consolidation. Translating 
this knowledge into clinical practice, this model would suggest 
that keeping arousal levels low in the aftermath of traumatic 
events might be a promising way to prevent later transition to 
PTSD or other fear-related psychopathology (Kapfhammer, 2013; 
Visser et al., 2015). Although our study proposes a notable model 
to stimulate innovative interventions for reducing pathological 
hyperconsolidation (Hoge et al., 2012; Astill Wright et al., 2019), 
clinical studies are needed to evaluate their efficacy.

To control for potential influences of gonadal hormone fluc-
tuations on NE (Bangasser et  al., 2016) and fear conditioning 
(Merz et  al., 2018; Bierwirth et  al., 2021), female participants 
were excluded. However, it is important to keep in mind that 
women are at twofold risk of developing PTSD and other fear-
related disorders (Ramikie and Ressler, 2018; Christiansen and 
Berke, 2020); sex differences in the locus coeruleus NE system 
may explain elevated arousal levels in females (Bangasser et al., 
2016). Further research is needed to clarify whether gonadal 
hormones modulate our findings.

EEG has limited spatial resolution. Its excellent temporal ac-
curacy allowed us to capture yohimbine effects on brief neuro-
physiological processes during N170 and LPP periods, but little is 
known about brain circuits mediating noradrenergic actions in 
humans (Giustino and Maren, 2018). In rats, NE injection into the 
amygdala immediately after fear conditioning causes PTSD-like 
memory (Liu et al., 2019). Projections from the locus coeruleus 
might release NE into the amygdala (Likhtik and Johansen, 
2019), or (vice versa) rapid amygdala processing may initiate 
locus coeruleus responses (Liddell et al., 2005). Although amyg-
dala responses might explain threat-evoked potentiation of the 
N170 (Levita et al., 2015) and LPP (Bunford et al., 2018), electro-
physiological methods have difficulties isolating neural sig-
nals from deep structures (Buzsáki et al., 2012; Keil et al., 2014; 
Jackson and Bolger, 2014). Future studies should combine our 
approach with functional magnetic resonance imaging to clarify 
the localization of underlying brain processes.

In conclusion, NE facilitates fear memory consolidation 
as quantified with cardiac deceleration and brain responses 
during the N170 and LPP time windows. Our results offer im-
portant neural evidence for yohimbine’s noradrenergic effects 
on fear consolidation in humans. Yohimbine provides a striking 
laboratory model to elucidate neural mechanisms in the eti-
ology of clinical fear, which may open up promising paths for 
treatment.

Supplementary Materials

Supplementary data are available at International Journal of 
Neuropsychopharmacology (IJNPPY) online.

Acknowledgments

We thank Antonia V. Seligowski and Kerry J. Ressler (Neurobiology 
of Fear Laboratory, McLean Hospital, Harvard Medical School, 
MA, USA) for valuable discussions and feedback on our data. 

The present study was supported by a grant from the 
Deutsche Forschungsgemeinschaft (DFG; German Research 
Foundation) to E.M.M. (grant no. DFG MU3535/2-1). M.F.J.S. re-
ceived a Research Training Grant from the Society for 
Psychophysiological Research (SPR) for a 6-month research 
stay at McLean Hospital, Harvard Medical School (Belmont, 
MA, USA). Furthermore, M.F.J.S.  was supported by the 
Research Training Group (RTG) 2271  “Breaking Expectations: 
Expectation Maintenance vs Change in the Context of 
Expectation Violations,” funded by the DFG (grant no. DFG 
290878970-GRK2271, project 6). M.F.J.S.  received a Poster 
Award for this project at the 57th Annual Meeting of the 
Society for Psychophysiological Research (SPR) in Vienna 
(Austria). M.F.J.S.  and C.P.  were also supported by the DFG 
grant MU3535/2-3, which was awarded to E.M.M. Over 
the past 3  years, D.A.P.  has received consulting fees from 
Albright Stonebridge Group, Boehringer Ingelheim, Compass 
Pathways, Concert Pharmaceuticals, Engrail Therapeutics, 
Neumora Therapeutics (formerly BlackThorn Therapeutics), 
Neurocrine Biosciences, Neuroscience Software, Otsuka 
Pharmaceuticals, Sunovion Pharmaceuticals, and Takeda 
Pharmaceuticals; honoraria from the Psychonomic Society 
(for editorial work) and from Alkermes; and research funding 
from the National Institute of Mental Health (NIMH), the Dana 
Foundation, the Brain and Behavior Research Foundation, and 
Millennium Pharmaceuticals for activities unrelated to the 
current project. In addition, D.A.P. has received stock options 
from Compass Pathways, Engrail Therapeutics, Neumora 
Therapeutics, and Neuroscience Software. No funding from 
these entities was used to support the current work, and 
there are no conflicts of interest with the work conducted in 
this study. All views expressed are solely those of the authors. 
M.F.J.S., C.P., N.S., U.M.N., C.H., and E.M.M.  reported no bio-
medical financial interests or potential conflicts of interest. 
M.F.J.S., C.P., C.H., and E.M.M. are members of the Center for 
Mind, Brain and Behavior (CMBB), a joint research center of 
the University of Marburg and the University of Giessen at 
the Research Campus Central Hessen. Open access publishing 
was supported by the Open Access Publication Fund of the 
University of Giessen.

Author Contributions

E.M.M. conceived the study design and acquired funding. 
M.F.J.S. and C.P. acquired the data. C.P. programmed the ex-
periment and coordinated the data collection. M.F.J.S., C.P., 
N.S., and E.M.M. preprocessed and analyzed the data. N.S. and 
U.M.N. conducted biochemical sAA analyses. M.F.J.S. and E.M.M. 
drafted the manuscript, and C.P., N.S., U.M.N., D.A.P., and C.H. 
made critical revisions. M.F.J.S. created the figures. M.F.J.S. made 
the data, analysis scripts, and code-books publicly available at 
Zenodo. All of the authors interpreted and discussed the re-
sults, commented on the article, and approved the final manu-
script for submission.

References
Abraham  AD, Cunningham  CL, Lattal  KM (2012) Methylphen-

idate enhances extinction of contextual fear. Learn Mem 
19:67–72.

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/25/9/759/6617231 by M

cLean H
ospital, M

ental H
ealth Sciences Library user on 02 O

ctober 2022



770  |  International Journal of Neuropsychopharmacology, 2022

Astill Wright L, Sijbrandij M, Sinnerton R, Lewis C, Roberts NP, 
Bisson JI (2019) Pharmacological prevention and early treat-
ment of post-traumatic stress disorder and acute stress 
disorder: a systematic review and meta-analysis. Transl 
Psychiatry 9:334.

Bacigalupo F, Luck SJ (2018) Event-related potential components 
as measures of aversive conditioning in humans. Psycho-
physiology 55:13015.

Bangasser DA, Wiersielis KR, Khantsis S (2016) Sex differences 
in the locus coeruleus-norepinephrine system and its regula-
tion by stress. Brain Res 1641:177–188.

Bauer EP (2015) Serotonin in fear conditioning processes. Behav 
Brain Res 277:68–77.

Beckers  T, Krypotos  A-M, Boddez  Y, Effting  M, Kindt  M (2013) 
What’s wrong with fear conditioning? Biol Psychol 92:90–96.

Bierwirth  P, Sperl  MFJ, Antov  MI, Stockhorst  U (2021) Pre-
frontal theta oscillations are modulated by estradiol status 
during fear recall and extinction recall. Biol Psychiatry Cogn 
Neurosci Neuroimaging 6:1071–1080.

Bowers ME, Ressler KJ (2015) An overview of translationally in-
formed treatments for posttraumatic stress disorder: animal 
models of Pavlovian fear conditioning to human clinical 
trials. Biol Psychiatry 78:e15–e27.

Brandão ML, Coimbra NC (2019) Understanding the role of dopa-
mine in conditioned and unconditioned fear. Rev Neurosci 
30:325–337.

Bryant  RA, Harvey  AG, Guthrie  RM, Moulds  ML (2000) A pro-
spective study of psychophysiological arousal, acute stress 
disorder, and posttraumatic stress disorder. J Abnorm Psychol 
109:341–344.

Bunford  N, Kujawa  A, Fitzgerald  KD, Monk  CS, Phan  KL (2018) 
Convergence of BOLD and ERP measures of neural reactivity 
to emotional faces in children and adolescents with and 
without anxiety disorders. Biol Psychol 134:9–19.

Buzsáki G, Anastassiou CA, Koch C (2012) The origin of extracel-
lular fields and currents—EEG, ECoG, LFP and spikes. Nat Rev 
Neurosci 13:407–420.

Cain CK, Blouin AM, Barad M (2004) Adrenergic transmission fa-
cilitates extinction of conditional fear in mice. Learn Mem 
11:179–187.

Camfield DA, Mills  J, Kornfeld EJ, Croft RJ (2016) Modulation of 
the N170 with classical conditioning: the use of emotional 
imagery and acoustic startle in healthy and depressed parti-
cipants. Front Hum Neurosci 10:337.

Carmack SA, Block CL, Howell KK, Anagnostaras SG (2014a) Me-
thylphenidate enhances acquisition and retention of spatial 
memory. Neurosci Lett 567:45–50.

Carmack  SA, Howell  KK, Rasaei  K, Reas  ET, Anagnostaras  SG 
(2014b) Animal model of methylphenidate’s long-term 
memory-enhancing effects. Learn Mem 21:82–89.

Christiansen  DM, Berke  ET (2020) Gender- and sex-based con-
tributors to sex differences in PTSD. Curr Psychiatry Rep 22:19.

Clewett  D, Murty  VP (2019) Echoes of emotions past: how 
neuromodulators determine what we recollect. eNeuro 
6:0108–18.2019.

Crockett  MJ, Fehr  E (2014) Social brains on drugs: tools for 
neuromodulation in social neuroscience. Soc Cogn Affect 
Neurosci 9:250–254.

Davis M, Redmond DE, Baraban JM (1979) Noradrenergic agonists 
and antagonists: effects on conditioned fear as measured by the 
potentiated startle paradigm. Psychopharmacology 65:111–118.

De Houwer J (2020) Revisiting classical conditioning as a model 
for anxiety disorders: a conceptual analysis and brief review. 
Behav Res Ther 127:103558.

de Vita VM, Zapparoli HR, Reimer AE, Brandao ML, de Oliveira AR 
(2021) Dopamine D2 receptors in the expression and extinc-
tion of contextual and cued conditioned fear in rats. Exp 
Brain Res 239:1963–1974.

Ditzen  B, Ehlert  U, Nater  UM (2014) Associations between sal-
ivary alpha-amylase and catecholamines—a multilevel 
modeling approach. Biol Psychol 103:15–18.

Dodds CM, Clark L, Dove A, Regenthal R, Baumann F, Bullmore E, 
Robbins TW, Müller U (2009) The dopamine D2 receptor an-
tagonist sulpiride modulates striatal BOLD signal during the 
manipulation of information in working memory. Psycho-
pharmacology 207:35–45.

Dolan  R, Heinze  H, Hurlemann  R, Hinrichs  H (2006) 
Magnetoencephalography (MEG) determined temporal 
modulation of visual and auditory sensory processing in 
the context of classical conditioning to faces. NeuroImage 
32:778–789.

Dubrovina  NI, Zinov’eva  DV (2010) Effects of activation and 
blockade of dopamine receptors on the extinction of a 
passive avoidance reaction in mice with a depressive-like 
state. Neurosci Behav Physiol 40:55–59.

Dudai Y, Karni A, Born J (2015) The consolidation and transform-
ation of memory. Neuron 88:20–32.

Duits  P, Cath  DC, Lissek  S, Hox  JJ, Hamm  AO, Engelhard  IM, 
van den Hout MA, Baas JMP (2015) Updated meta-analysis of 
classical fear conditioning in the anxiety disorders. Depress 
Anxiety 32:239–253.

Dunlop  BW, Mansson  E, Gerardi  M (2012) Pharmacological in-
novations for posttraumatic stress disorder and medication-
enhanced psychotherapy. Curr Pharm Des 18:5645–5658.

Dunlop  BW, Ressler  KJ, Rothbaum  BO (2015) Pharmacological 
mechanisms of modulating fear and extinction. In: Primer 
on anxiety disorders: translational perspectives on diagnosis 
and treatment (Ressler  KJ, Pine  DS, Rothbaum  BO, eds), pp 
367–385. New York, NY: Oxford University Press.

Ehlert  U, Erni  K, Hebisch  G, Nater  U (2006) Salivary alpha-
amylase levels after yohimbine challenge in healthy men. J 
Clin Endocrinol Metab 91:5130–5133.

Eimer M (2000) Attentional modulations of event-related brain 
potentials sensitive to faces. Cogn Neuropsychol 17:103–116.

Eimer M (2011) The face-sensitive N170 component of the event-
related brain potential. In: The Oxford handbook of face per-
ception (Calder AJ, Rhodes G, Johnson MH, Haxby JV, eds), pp 
329–344. New York, NY: Oxford University Press.

Eimer  M (2018) The time course of spatial attention: insights 
from event-related brain potentials. In: The Oxford handbook 
of attention (Nobre AC, Kastner S, eds), pp 289–317. New York, 
NY: Oxford University Press.

Ekman P, Friesen WV (1976) Pictures of facial affect. Palo Alto, 
CA: Consulting Psychologists Press.

Esser  R, Fuss  J, Haaker  J (2020) Initial evidence for pharmaco-
logical modulation of observational threat learning by the 
GABAergic, but not the noradrenergic system in humans. 
Behav Res Ther 129:103605.

Fitzgerald PJ, Seemann JR, Maren S (2014) Can fear extinction be 
enhanced? A review of pharmacological and behavioral find-
ings. Brain Res Bull 105:46–60.

Ford CP (2014) The role of D2-autoreceptors in regulating dopa-
mine neuron activity and transmission. Neuroscience 
282:13–22.

Frässle  S, Paulus  FM, Krach  S, Schweinberger  SR, Stephan  KE, 
Jansen  A (2016) Mechanisms of hemispheric lateralization: 
asymmetric interhemispheric recruitment in the face per-
ception network. NeuroImage 124:977–988.

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/25/9/759/6617231 by M

cLean H
ospital, M

ental H
ealth Sciences Library user on 02 O

ctober 2022



Copyedited by: ﻿

Noradrenaline Strengthens Fear Consolidation  |  771

Gainotti G (2019) Emotions and the right hemisphere: can new 
data clarify old models? Neuroscientist 25:258–270.

Gazarini L, Stern CAJ, Carobrez AP, Bertoglio LJ (2013) Enhanced 
noradrenergic activity potentiates fear memory consolidation  
and reconsolidation by differentially recruiting α1- and 
β-adrenergic receptors. Learn Mem 20:210–219.

Gazarini  L, Stern  CAJ, Piornedo  RR, Takahashi  RN, Bertoglio  LJ 
(2015) PTSD-like memory generated through enhanced 
noradrenergic activity is mitigated by a dual step pharma-
cological intervention targeting its reconsolidation. Int J 
Neuropsychopharmacol 18:pyu026.

Giustino  TF, Maren  S (2018) Noradrenergic modulation of fear 
conditioning and extinction. Front Behav Neurosci 12:43.

Giustino  TF, Ramanathan  KR, Totty  MS, Miles  OW, Maren  S 
(2020) Locus coeruleus norepinephrine drives stress-induced 
increases in basolateral amygdala firing and impairs extinc-
tion learning. J Neurosci 40:907–916.

Gobert  A, Rivet  J-M, Cistarelli  L, Melon  C, Millan  MJ (1997) 
α2-adrenergic receptor blockade markedly potentiates 
duloxetine- and fluoxetine-induced increases in noradren-
aline, dopamine, and serotonin levels in the frontal cortex of 
freely moving rats. J Neurochem 69:2616–2619.

Gobert A, Rivet J-M, Audinot V, Newman-Tancredi A, Cistarelli L, 
Millan  M (1998) Simultaneous quantification of serotonin, 
dopamine and noradrenaline levels in single frontal cortex 
dialysates of freely-moving rats reveals a complex pattern of 
reciprocal auto- and heteroreceptor-mediated control of re-
lease. Neuroscience 84:413–429.

Greenhouse SW, Geisser S (1959) On methods in the analysis of 
profile data. Psychometrika 24:95–112.

Haaker J, Gaburro S, Sah A, Gartmann N, Lonsdorf TB, Meier K, 
Singewald  N, Pape  H-C, Morellini  F, Kalisch  R (2013) Single 
dose of L-dopa makes extinction memories context-
independent and prevents the return of fear. Proc Natl Acad 
Sci U S A 110:e2428–e2436.

Hajcak  G, Foti  D (2020) Significance? … Significance! Empirical, 
methodological, and theoretical connections between the late 
positive potential and P300 as neural responses to stimulus 
significance: an integrative review. Psychophysiology 57:13570.

Hajcak G, Jackson F, Ferri J, Weinberg A (2018) Emotion and atten-
tion. In: Handbook of emotions (Barrett LF, Lewis M, Haviland-
Jones JM, eds), pp 595–609. New York, NY: Guilford Press.

Hajcak G, MacNamara A, Olvet DM (2010) Event-related poten-
tials, emotion, and emotion regulation: an integrative review. 
Dev Neuropsychol 35:129–155.

Hajcak G, Weinberg A, MacNamara A, Foti D (2012) ERPs and the 
study of emotion. In: The Oxford handbook of event-related 
potential components (Luck SJ, Kappenman ES, eds), pp 441–
472. New York, NY: Oxford University Press.

Hefner  K, Whittle  N, Juhasz  J, Norcross  M, Karlsson  R-M, 
Saksida  LM, Bussey  TJ, Singewald  N, Holmes  A (2008) Im-
paired fear extinction learning and cortico-amygdala circuit 
abnormalities in a common genetic mouse strain. J Neurosci 
28:8074–8085.

Hoge  EA, Worthington  JJ, Nagurney  JT, Chang  Y, Kay  EB, 
Feterowski CM, Katzman AR, Goetz JM, Rosasco ML, Lasko NB, 
Zusman RM, Pollack MH, Orr SP, Pitman RK (2012) Effect of 
acute posttrauma propranolol on PTSD outcome and physio-
logical responses during script-driven imagery. CNS Neurosci 
Ther 18:21–27.

Holmes  A, Quirk  GJ (2010) Pharmacological facilitation of fear 
extinction and the search for adjunct treatments for anx-
iety disorders—the case of yohimbine. Trends Pharmacol Sci 
31:2–7.

Huffmeijer  R, Bakermans-Kranenburg  MJ, Alink  LRA, 
van IJzendoorn MH (2014) Reliability of event-related poten-
tials: the influence of number of trials and electrodes. Physiol 
Behav 130:13–22.

Jackson AF, Bolger DJ (2014) The neurophysiological bases of EEG 
and EEG measurement: a review for the rest of us. Psycho-
physiology 51:1061–1071.

Javanbakht A, Poe GR (2016) Behavioral neuroscience of circuits 
involved in arousal regulation. In: Neurobiology of PTSD: 
from brain to mind (Liberzon I, Ressler KJ, eds), pp 130–147. 
New York, NY: Oxford University Press.

Jentsch VL, Wolf OT, Merz CJ (2020) Temporal dynamics of condi-
tioned skin conductance and pupillary responses during fear 
acquisition and extinction. Int J Psychophysiol 147:93–99.

Joyce C, Rossion B (2005) The face-sensitive N170 and VPP com-
ponents manifest the same brain processes: the effect of ref-
erence electrode site. Clin Neurophysiol 116:2613–2631.

Kapfhammer H-P (2013) Pharmacological approaches to under-
stand, prevent, and mitigate hurting memories. Lessons 
from posttraumatic stress disorders. In: Hurting memories 
and beneficial forgetting: posttraumatic stress disorders, 
biographical developments, and social conflicts (Linden  M, 
Rutkowski K, eds), pp 37–48. London: Elsevier.

Keil  A, Debener  S, Gratton  G, Junghöfer  M, Kappenman  ES, 
Luck SJ, Luu P, Miller GA, Yee CM (2014) Committee report: pub-
lication guidelines and recommendations for studies using 
electroencephalography and magnetoencephalography. Psy-
chophysiology 51:1–21.

Krenz  V, Sommer  T, Alink  A, Roozendaal  B, Schwabe  L (2021) 
Noradrenergic arousal after encoding reverses the course of 
systems consolidation in humans. Nat Commun 12:6054.

Krystal JH, Neumeister A (2009) Noradrenergic and serotonergic 
mechanisms in the neurobiology of posttraumatic stress dis-
order and resilience. Brain Res 1293:13–23.

Kuehl LK, Deuter CE, Hellmann-Regen J, Kaczmarczyk M, Otte C, 
Wingenfeld K (2020) Enhanced noradrenergic activity by yo-
himbine and differential fear conditioning in patients with 
major depression with and without adverse childhood ex-
periences. Prog Neuropsychopharmacol Biol Psychiatry 
96:109751.

Kuroki T, Meltzer HY, Ichikawa J (1999) Effects of antipsychotic 
drugs on extracellular dopamine levels in rat medial pre-
frontal cortex and nucleus accumbens. J Pharmacol Exp Ther 
288:774–781.

LaLumiere RT, McGaugh JL, McIntyre CK (2017) Emotional modu-
lation of learning and memory: pharmacological implica-
tions. Pharmacol Rev 69:236–255.

Levita L, Howsley P, Jordan J, Johnston P (2015) Potentiation of the 
early visual response to learned danger signals in adults and 
adolescents. Soc Cogn Affect Neurosci 10:269–277.

Liddell  BJ, Brown  KJ, Kemp  AH, Barton  MJ, Das  P, Peduto  A, 
Gordon  E, Williams  LM (2005) A direct brainstem–amyg-
dala–cortical “alarm” system for subliminal signals of fear. 
NeuroImage 24:235–243.

Likhtik  E, Johansen  JP (2019) Neuromodulation in circuits of 
aversive emotional learning. Nat Neurosci 22:1586–1597.

Liu X-H, Zhu R-T, Hao B, Shi Y-W, Wang X-G, Xue L, Zhao H (2019) 
Norepinephrine induces PTSD-like memory impairments via 
regulation of the β-adrenoceptor-cAMP/PKA and CaMK II/PKC 
systems in the basolateral amygdala. Front Behav Neurosci 
13:43.

Maddox SA, Hartmann J, Ross RA, Ressler KJ (2019) Deconstructing 
the gestalt: mechanisms of fear, threat, and trauma memory 
encoding. Neuron 102:60–74.

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/25/9/759/6617231 by M

cLean H
ospital, M

ental H
ealth Sciences Library user on 02 O

ctober 2022



772  |  International Journal of Neuropsychopharmacology, 2022

Maren S (2014) Nature and causes of the immediate extinction 
deficit: a brief review. Neurobiol Learn Mem 113:19–24.

McGaugh JL (2013) Making lasting memories: remembering the 
significant. Proc Natl Acad Sci U S A 110 Suppl 2:10402–10407.

McGaugh JL (2015) Consolidating memories. Annu Rev Psychol 
66:1–24.

Mereu  G, Casu  M, Gessa  GL (1983) (—)-Sulpiride activates the 
firing rate and tyrosine hydroxylase activity of dopaminergic 
neurons in unanesthetized rats. Brain Res 264:105–110.

Merz CJ, Kinner VL, Wolf OT (2018) Let’s talk about sex … dif-
ferences in human fear conditioning. Curr Opin Behav Sci 
23:7–12.

Meyerbroeker K, Powers MB, van Stegeren A, Emmelkamp PMG 
(2012) Does yohimbine hydrochloride facilitate fear extinction 
in virtual reality treatment of fear of flying? A  randomized 
placebo-controlled trial. Psychother Psychosom 81:29–37.

Meyerbroeker  K, Morina  N, Emmelkamp  PMG (2018) Enhance-
ment of exposure therapy in participants with specific 
phobia: a randomized controlled trial comparing yohimbine, 
propranolol and placebo. J Anxiety Disord 57:48–56.

Miedl  SF, Rattel  JA, Franke  LK, Blechert  J, Kronbichler  M, 
Spoormaker VI, Wilhelm FH (2020) Neural processing during 
fear extinction predicts intrusive memories. Biol Psychiatry 
Cogn Neurosci Neuroimaging 5:403–411.

Millan MJ, Newman-Tancredi A, Audinot V, Cussac D, Lejeune F, 
Nicolas J-P, Cog F, Galizzi J-P, Boutin JA, Rivet J-M, Dekeyne A, 
Gobert  A (2000) Agonist and antagonist actions of yohim-
bine as compared to fluparoxan at α2-adrenergic receptors 
(AR)s, serotonin (5-HT)1A, 5-HT1B, 5-HT1D and dopamine 
D2 and D3 receptors. Significance for the modulation of 
frontocortical monoaminergic transmission and depressive 
states. Synapse 35:79–95.

Morris  RW, Bouton  ME (2007) The effect of yohimbine on the 
extinction of conditioned fear: a role for context. Behav 
Neurosci 121:501–514.

Morris LS, McCall JG, Charney DS, Murrough JW (2020) The role of 
the locus coeruleus in the generation of pathological anxiety. 
Brain Neurosci Adv 4:2398212820930321.

Mueller D, Bravo-Rivera C, Quirk GJ (2010) Infralimbic D2 recep-
tors are necessary for fear extinction and extinction-related 
tone responses. Biol Psychiatry 68:1055–1060.

Mueller D, Cahill SP (2010) Noradrenergic modulation of extinc-
tion learning and exposure therapy. Behav Brain Res 208:1–11.

Mueller EM, Burgdorf C, Chavanon M-L, Schweiger D, Wacker J, 
Stemmler  G (2014a) Dopamine modulates frontomedial 
failure processing of agentic introverts versus extraverts in 
incentive contexts. Cogn Affect Behav Neurosci 14:756–768.

Mueller  EM, Panitz  C, Hermann  C, Pizzagalli  DA (2014b) Pre-
frontal oscillations during recall of conditioned and extin-
guished fear in humans. J Neurosci 34:7059–7066.

Mueller  EM, Pizzagalli  DA (2016) One-year-old fear memories 
rapidly activate human fusiform gyrus. Soc Cogn Affect 
Neurosci 11:308–316.

Muench  HM, Westermann  S, Pizzagalli  DA, Hofmann  SG, 
Mueller EM (2016) Self-relevant threat contexts enhance early 
processing of fear-conditioned faces. Biol Psychol 121:194–
202.

Naegeli  C, Zeffiro  T, Piccirelli  M, Jaillard  A, Weilenmann  A, 
Hassanpour K, Schick M, Rufer M, Orr SP, Mueller-Pfeiffer C 
(2018) Locus coeruleus activity mediates hyperresponsiveness 
in posttraumatic stress disorder. Biol Psychiatry 83:254–262.

Nater  UM, Rohleder  N (2009) Salivary alpha-amylase as a 
non-invasive biomarker for the sympathetic nervous system: 
current state of research. Psychoneuroendocrinology 34:486–
496.

Nicholson  EL, Bryant  RA, Felmingham  KL (2014) Interaction of 
noradrenaline and cortisol predicts negative intrusive mem-
ories in posttraumatic stress disorder. Neurobiol Learn Mem 
112:204–211.

Nieuwenhuis S, Aston-Jones G, Cohen JD (2005) Decision making, 
the P3, and the locus coeruleus-norepinephrine system. 
Psychol Bull 131:510–532.

O’Brien F, Cousineau D (2014) Representing error bars in within-
subject designs in typical software packages. Quant Method 
Psychol 10:56–67.

O’Donnell T, Hegadoren KM, Coupland NC (2004) Noradrenergic 
mechanisms in the pathophysiology of post-traumatic stress 
disorder. Neuropsychobiology 50:273–283.

Pace-Schott EF, Germain A, Milad MR (2015) Effects of sleep on 
memory for conditioned fear and fear extinction. Psychol 
Bull 141:835–857.

Panitz C, Hermann C, Mueller EM (2015) Conditioned and extin-
guished fear modulate functional corticocardiac coupling in 
humans. Psychophysiology 52:1351–1360.

Panitz C, Sperl MFJ, Hennig J, Klucken T, Hermann C, Mueller EM 
(2018) Fearfulness, neuroticism/anxiety, and COMT Val158Met 
in long-term fear conditioning and extinction. Neurobiol 
Learn Mem 155:7–20.

Papalini S, Beckers T, Vervliet B (2020) Dopamine: from predic-
tion error to psychotherapy. Transl Psychiatry 10:164.

Pertovaara A, Haapalinna A, Sirviö J, Virtanen R (2005) Pharma-
cological properties, central nervous system effects, and po-
tential therapeutic applications of atipamezole, a selective 
alpha2-adrenoceptor antagonist. CNS Drug Rev 11:273–288.

Pettibone  DJ, Flagg  SD, Totarol  JA, Clineschmidt  BV, Huff  JR, 
Young SD, Chen R (1989) [3H]L-657, 743 (MK-912): a new, high 
affinity, selective radioligand for brain α2-adrenoceptors. Life 
Sci 44:459–467.

Pittig A, Treanor M, LeBeau RT, Craske MG (2018) The role of as-
sociative fear and avoidance learning in anxiety disorders: 
gaps and directions for future research. Neurosci Biobehav 
Rev 88:117–140.

Pizzagalli DA, Greischar LL, Davidson RJ (2003) Spatio-temporal 
dynamics of brain mechanisms in aversive classical con-
ditioning: high-density event-related potential and brain 
electrical tomography analyses. Neuropsychologia 41:184–
194.

Ponnusamy R, Nissim HA, Barad M (2005) Systemic blockade of 
D2-like dopamine receptors facilitates extinction of condi-
tioned fear in mice. Learn Mem 12:399–406.

Powers  MB, Smits  JAJ, Otto  MW, Sanders  C, Emmelkamp  PMG 
(2009) Facilitation of fear extinction in phobic participants 
with a novel cognitive enhancer: a randomized placebo con-
trolled trial of yohimbine augmentation. J Anxiety Disord 
23:350–356.

Proudman  RGW, Akinaga  J, Baker  JG (2022) The affinity and 
selectivity of α-adrenoceptor antagonists, antidepres-
sants and antipsychotics for the human α2A, α2B, and 
α2C-adrenoceptors and comparison with human α1 and 
β-adrenoceptors. Pharmacol Res Perspect 10:00936.

Ramikie  TS, Ressler  KJ (2018) Mechanisms of sex differences 
in fear and posttraumatic stress disorder. Biol Psychiatry 
83:876–885.

Ressler KJ (2020) Translating across circuits and genetics toward 
progress in fear- and anxiety-related disorders. Am J Psych-
iatry 177:214–222.

Roozendaal B, McEwen BS, Chattarji S (2009) Stress, memory and 
the amygdala. Nat Rev Neurosci 10:423–433.

Rossion B, Jacques C (2012) The N170: understanding the time 
course of face perception in the human brain. In: The Oxford 

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/25/9/759/6617231 by M

cLean H
ospital, M

ental H
ealth Sciences Library user on 02 O

ctober 2022



Copyedited by: ﻿

Noradrenaline Strengthens Fear Consolidation  |  773

handbook of event-related potential components (Luck  SJ, 
Kappenman ES, eds), pp 115–141. New York, NY: Oxford Uni-
versity Press.

Scatton B, Zivkovic B, Dedek J (1980) Antidopaminergic proper-
ties of yohimbine. J Pharmacol Exp Ther 215:494–499.

Schwabe  L, Höffken  O, Tegenthoff  M, Wolf  OT (2013) Opposite 
effects of noradrenergic arousal on amygdala processing of 
fearful faces in men and women. NeuroImage 73:1–7.

Schwarz LA, Luo L (2015) Organization of the locus coeruleus-
norepinephrine system. Curr Biol 25:R1051–R1056.

Schweinberger  SR (2011) Neurophysiological correlates of face 
recognition. In: The Oxford handbook of face perception 
(Calder AJ, Rhodes G, Johnson MH, Haxby JV, eds), pp 345–366. 
New York, NY: Oxford University Press.

Sears RM, Fink AE, Wigestrand MB, Farb CR, de Lecea L, LeDoux JE 
(2013) Orexin/hypocretin system modulates amygdala-
dependent threat learning through the locus coeruleus. Proc 
Natl Acad Sci U S A 110:20260–20265.

Seligowski AV, Bondy E, Singleton P, Orcutt HK, Ressler KJ, Auer-
bach RP (2018) Testing neurophysiological markers related to 
fear-potentiated startle. Psychiatry Res 267:195–200.

Seligowski AV, Merker JB, Swiercz AP, Park J, Marvar PJ, Ressler KJ, 
Jovanovic T (2020) Examining the cardiovascular response to 
fear extinction in a trauma-exposed sample. J Psychiatr Res 
124:85–90.

Shalev  AY, Sahar  T, Freedman  S, Peri  T, Glick  N, Brandes  D, 
Orr SP, Pitman RK (1998) A prospective study of heart rate re-
sponse following trauma and the subsequent development 
of posttraumatic stress disorder. Arch Gen Psychiatry 55:553–
559.

Shi  Y-W, Fan  B-F, Xue  L, Wen  J-L, Zhao  H (2017) Regulation of 
fear extinction in the basolateral amygdala by dopamine D2 
receptors accompanied by altered GluR1, GluR1-Ser845 and 
NR2B levels. Front Behav Neurosci 11:116.

Singewald N, Schmuckermair C, Whittle N, Holmes A, Ressler KJ 
(2015) Pharmacology of cognitive enhancers for exposure-
based therapy of fear, anxiety and trauma-related disorders. 
Pharmacol Ther 149:150–190.

Smits  JAJ, Rosenfield  D, Davis  ML, Julian  K, Handelsman  PR, 
Otto  MW, Tuerk  P, Shiekh  M, Rosenfield  B, Hofmann  SG, 
Powers  MB (2014) Yohimbine enhancement of exposure 
therapy for social anxiety disorder: a randomized controlled 
trial. Biol Psychiatry 75:840–846.

Soeter  M, Kindt  M (2011) Noradrenergic enhancement of as-
sociative fear memory in humans. Neurobiol Learn Mem 
96:263–271.

Soeter  M, Kindt  M (2012) Stimulation of the noradrenergic 
system during memory formation impairs extinc-
tion learning but not the disruption of reconsolidation. 
Neuropsychopharmacology 37:1204–1215.

Sperl MFJ, Panitz C, Hermann C, Mueller EM (2016) A pragmatic 
comparison of noise burst and electric shock unconditioned 

stimuli for fear conditioning research with many trials. Psy-
chophysiology 53:1352–1365.

Sperl MFJ, Panitz C, Rosso IM, Dillon DG, Kumar P, Hermann A, 
Whitton AE, Hermann C, Pizzagalli DA, Mueller EM (2019) Fear 
extinction recall modulates human frontomedial theta and 
amygdala activity. Cereb Cortex 29:701–715.

Sperl MFJ, Wroblewski A, Mueller M, Straube B, Mueller EM (2021) 
Learning dynamics of electrophysiological brain signals 
during human fear conditioning. NeuroImage 226:117569.

Steinberg  C, Dobel  C, Schupp  HT, Kissler  J, Elling  L, Pantev  C, 
Junghöfer  M (2012) Rapid and highly resolving: affective 
evaluation of olfactorily conditioned faces. J Cogn Neurosci 
24:17–27.

Stockhorst U, Antov MI (2015) Modulation of fear extinction by 
stress, stress hormones and estradiol: a review. Front Behav 
Neurosci 9:359.

Stolz  C, Endres  D, Mueller  EM (2019) Threat-conditioned con-
texts modulate the late positive potential to faces—a mobile 
EEG/virtual reality study. Psychophysiology 56:13308.

Tagliamonte  A, Montis  G, Olianas  M, Vargiu  L, Corsini  GU, 
Gessa  GL (1975) Selective increase of brain dopamine syn-
thesis by sulpiride. J Neurochem 24:707–710.

Thigpen  NN, Bartsch  F, Keil  A (2017) The malleability of emo-
tional perception: short-term plasticity in retinotopic 
neurons accompanies the formation of perceptual biases to 
threat. J Exp Psychol Gen 146:464–471.

Tuerk  PW, Wangelin  BC, Powers  MB, Smits  JAJ, Acierno  R, 
Myers  US, Orr  SP, Foa  EB, Hamner  MB (2018) Augmenting 
treatment efficiency in exposure therapy for PTSD: a ran-
domized double-blind placebo-controlled trial of yohimbine 
HCl. Cogn Behav Ther 47:351–371.

Visser RM (2020) Why do certain moments haunt us? Concep-
tualizing intrusive memories as conditioned responses. Biol 
Psychiatry Cogn Neurosci Neuroimaging 5:375–376.

Visser RM, Kunze AE, Westhoff B, Scholte HS, Kindt M (2015) 
Representational similarity analysis offers a preview of the 
noradrenergic modulation of long-term fear memory at 
the time of encoding. Psychoneuroendocrinology 55:8–20.

Wacker  J, Smillie  LD (2015) Trait extraversion and dopamine 
function. Soc Personal Psychol Compass 9:225–238.

Weymar M, Hamm AO (2013) Electrophysiological signature of 
emotional memories. In: Hurting memories and beneficial 
forgetting: posttraumatic stress disorders, biographical de-
velopments, and social conflicts (Linden  M, Rutkowski  K, 
eds), pp 21–35. London: Elsevier.

Wieser MJ, Keil A (2020) Attentional threat biases and their role in 
anxiety: a neurophysiological perspective. Int J Psychophysiol 
153:148–158.

Yim  AJ, Andersen  ML, Soeiro  AC, Tufik  S, Oliveira  MGM (2009) 
Acute systemic blockade of D2 receptors does not accelerate 
the extinction of cocaine-associated place preference. Brain 
Res 1304:122–128.

D
ow

nloaded from
 https://academ

ic.oup.com
/ijnp/article/25/9/759/6617231 by M

cLean H
ospital, M

ental H
ealth Sciences Library user on 02 O

ctober 2022



 

 

Alpha-2 Adrenoreceptor Antagonist Yohimbine 

Potentiates Consolidation of Conditioned Fear 
 

 

 

by 

 

 

Matthias F. J. Sperl 1,2,3, Christian Panitz 1,4,5, Nadine Skoluda 6, 

Urs M. Nater 6, Diego A. Pizzagalli 3, 

Christiane Hermann 2, Erik M. Mueller 1 
 

 

 

1 Department of Psychology, Personality Psychology and Assessment, University of Marburg,  

 35032 Marburg, Germany 
 

2 Department of Psychology, Clinical Psychology and Psychotherapy, University of Giessen,  

 35394 Giessen, Germany 
 

3 Department of Psychiatry, Harvard Medical School, & Center for Depression, Anxiety and  

 Stress Research, McLean Hospital, Belmont, MA 02478, USA 
 

4 Department of Psychology, Experimental Psychology and Methods, University of Leipzig,  

 04109 Leipzig, Germany 
 

5 Center for the Study of Emotion and Attention, University of Florida, Gainesville, 

 FL 32608, USA 
 

6 Department of Clinical and Health Psychology, University of Vienna, 1010 Vienna, Austria 

 

 

 

 

Supplementary Material 

 

 

 

Corresponding Author:  Dr. Matthias F. J. Sperl 

Current Address: Justus Liebig University Giessen, Department of Psychology, 

Clinical Psychology and Psychotherapy, Otto-Behaghel-Str. 10F, 35394 Giessen, Germany; 

matthias.sperl@psychol.uni-giessen.de; phone: +49 641 99 26086; fax: +49 641 99 26099 

 

International Journal of Neuropsychopharmacology, https://doi.org/10.1093/ijnp/pyac038  

https://doi.org/10.1093/ijnp/pyac038


Noradrenaline Strengthens Fear Consolidation: Supplementary Material  S 2 

 

 

ORCID IDs 

Matthias F. J. Sperl: https://orcid.org/0000-0002-5011-0780 

Christian Panitz: https://orcid.org/0000-0001-6692-8555 

Nadine Skoluda: https://orcid.org/0000-0002-4140-2423 

Urs M. Nater: https://orcid.org/0000-0002-2430-5090 

Diego A. Pizzagalli: https://orcid.org/0000-0002-7772-1143 

Christiane Hermann: https://orcid.org/0000-0001-5969-2898 

Erik M. Mueller: https://orcid.org/0000-0002-8721-8963 

 

 

Author Contributions 

E.M.M. conceived the study design and acquired funding. M.F.J.S. and C.P. acquired the data. C.P. 

programmed the experiment and coordinated the data collection. M.F.J.S., C.P., N.S., and E.M.M. 

preprocessed and analyzed the data. N.S. and U.M.N. conducted biochemical sAA analyses. 

M.F.J.S. and E.M.M. drafted the manuscript, and C.P., N.S., U.M.N., D.A.P., and C.H. made 

critical revisions. M.F.J.S. created the figures. M.F.J.S. made the data, analysis scripts, and code-

books publicly available at Zenodo. All of the authors interpreted and discussed the results, 

commented on the article, and approved the final manuscript for submission. 

 

 

Data and Code Availability 

 De-identified data along with a code-book and analysis scripts are posted at 

https://doi.org/10.5281/zenodo.6833565. 

  

https://orcid.org/0000-0002-5011-0780
https://orcid.org/0000-0001-6692-8555
https://orcid.org/0000-0002-4140-2423
https://orcid.org/0000-0002-2430-5090
https://orcid.org/0000-0002-7772-1143
https://orcid.org/0000-0001-5969-2898
https://orcid.org/0000-0002-8721-8963
https://doi.org/10.5281/zenodo.6833565


Noradrenaline Strengthens Fear Consolidation: Supplementary Material  S 3 

 

 

A Exclusion Criteria for Participants 

 As described in the Methods section of the main text, we recruited 55 healthy male students at 

Justus Liebig University Giessen. One participant did not complete the study. Three subjects were 

excluded as they fulfilled our criterion of “unlikely explicit contingency awareness” (i.e., higher 

awareness ratings for CS- than CS+ after acquisition, as defined by Sperl et al., 2019; CS- = 

“conditioned stimulus not paired with the unconditioned stimulus”; CS+ = “conditioned stimulus 

paired with the aversive unconditioned stimulus“). Therefore, the final sample consisted of N = 51 

participants (n = 17 yohimbine group, n = 16 sulpiride group, n = 18 placebo group). 

 We confirmed that participants were aware of the CS–US contingency (CS = “conditioned 

stimulus”; US = “unconditioned stimulus”) in each of the three groups (see Supplementary Figure 

S1). In the yohimbine group, contingency ratings were significantly higher for both CS+ compared 

with both CS- (CS+E versus CS-E: t(16) = 11.96, P < .001; CS+N versus CS-N: t(16) = 14.98, 

P < .001). Similarly, participants were contingency-aware in the sulpiride group (CS+E versus 

CS-E: t(15) = 8.72, P < .001; CS+N versus CS-N: t(15) = 7.25, P < .001). Finally, we verified that 

both CS+ (compared with both CS-) were associated with higher contingency ratings in the placebo 

group (CS+E versus CS-E: t(17) = 11.25, P < .001; CS+N versus CS-N: t(17) = 11.90, P < .001). 

 There were no significant group differences in age, body mass index (BMI), self-reported sleep 

quality/quantity measures (nights before day 1 and day 2), and trait/state anxiety (see 

Supplementary Table S1). All subjects were males, right-handed, and between the ages of 18 and 

35 (mean age = 22.61 years, SD = 3.05 years). Exclusion criteria were (1) habitual use of tobacco, 

anorectics, or any illegal or prescription drugs; (2) BMI < 17 or > 30 kg/m²; and (3) a history of 

neurological or cardiovascular diseases (e.g., hypertension or coronary heart disease), metabolic 

disorders, gastric or duodenal ulcers, gastrointestinal tract bleedings, hepatic or kidney diseases, or 

other chronic diseases that would require individual medical clarification. Participants underwent 
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a standardized clinical interview (Short Version of the Diagnostic Interview for Mental Disorders, 

Mini-DIPS; Margraf, 1994) to confirm the absence of mental disorders. In addition, participants 

were asked to refrain from alcoholic or caffeinated drinks, tea, juice, chewing gum, and strenuous 

exercise prior to the experiment (Bosch et al., 2011; Strahler et al., 2017). All subjects gave written 

informed consent to participate. They received monetary compensation (€10 per hour) or course 

credit. 

 

 

 

 

Supplementary Figure S1. Awareness of the CS–US contingency was confirmed in each of the 

three groups. After fear acquisition on day 1, participants were asked to indicate their subjective 

awareness of the CS–US contingency for each CS type (0 = “CS was never followed by US”; 3 = 

“CS was always followed by US”). Mean (± within-participant SEM, adjusted within each group; 

O'Brien and Cousineau, 2014) contingency ratings for each CS type are displayed. 
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Supplementary Table S1. Sample Characteristics: Age, Body Mass Index (BMI), Sleep, and Trait/State Anxiety Measures (Mean ± 

Standard Deviation). There were no significant differences between the three experimental groups. 
 

Variable Yohimbine Group 

n = 17 

M (± SD) 

Sulpiride Group 

n = 16 

M (± SD) 

Placebo Group 

n = 18 

M (± SD) 

Between-Groups 

Statistical Comparison 

Age and Body Mass Index (BMI)     

 Age [Inclusion Criterion: 18–35 years] 

   Actual Age Range: 18–32 years 

22.24 (± 2.75) 

  19–28 

22.63 (± 3.24) 

  18–29 

22.94 (± 3.28) 

  19–32 

F(2,48) = 0.23, P = .796 

 BMI [Inclusion Criterion: 17–30 kg/m²] 

   Actual BMI Range: 17.73–29.94 kg/m² 

23.65 (± 3.13) 

  19.25–29.32 

24.22 (± 3.20) 

  17.73–29.73 

23.86 (± 2.22) 

  20.99–29.94 

F(2,48) = 0.17, P = .846 

Sleep Measures1     

 Sleep Quality Before Day 1 [1–5] 3.76 (± 0.75) 3.69 (± 0.60) 3.89 (± 0.58) F(2,48) = 0.42, P = .661 

 Sleep Quality Before Day 2 [1–5] 4.29 (± 0.69) 4.50 (± 0.73) 4.11 (± 0.76) F(2,48) = 1.22, P = .306 

 Hours Slept Before Day 1 6.47 (± 1.10) 6.70 (± 1.20) 6.53 (± 1.09) F(2,48) = 0.18, P = .837 

 Hours Slept Before Day 2 7.71 (± 0.94) 8.28 (± 1.06) 7.78 (± 1.32) F(2,48) = 1.28, P = .288 

 Tiredness Day 1 [1–4] 1.53 (± 0.51) 1.25 (± 0.45) 1.50 (± 0.51) F(2,48) = 1.58, P = .216 

 Tiredness Day 2 [1–4] 1.12 (± 0.33) 1.06 (± 0.25) 1.11 (± 0.32) F(2,48) = 0.16, P = .853 

Trait and State Anxiety2     

 STAI Trait Anxiety [20–80] 37.41 (± 9.19) 35.69 (± 5.49) 33.50 (± 5.76) F(2,48) = 1.37, P = .265 

 STAI State Anxiety Day 1 [20–80] 31.53 (± 3.96) 33.37 (± 3.22) 34.83 (± 6.21) F(2,48) = 2.16, P = .126 

 STAI State Anxiety Day 2 [20–80] 29.29 (± 3.57) 30.62 (± 4.94) 32.78 (± 7.98) F(2,48) = 1.58, P = .217 
1Sleep quality and quantity for the preceding night were assessed on both days at the beginning of the experiment. Participants were asked 

to indicate subjective sleep quality on a 5-point Likert scale (1 = “very bad sleep”; 5 = “very good sleep”) and sleep quantity (i.e., the 

number of hours they slept). In addition, subjective tiredness was measured on a 4-point Likert scale (1 = “not tired at all”; 4 = “very 

tired”). 
2Trait anxiety (assessed on day 1) and state anxiety (assessed on both days, at the beginning of the experiment) were measured using the 

German version (Laux et al., 1981) of the State Trait Anxiety Inventory (STAI; Spielberger et al., 1970). The range of possible STAI 

scores varies from 20 (“minimal”) to 80 (“maximal intensity of anxiety”). 
 

Laux L, Glanzmann P, Schaffner P, Spielberger CD (1981). Das State-Trait Angstinventar (STAI): Theoretische Grundlagen und Handanweisung 

[The State-Trait Anxiety Inventory (STAI): theoretical foundations and manual]. Weinheim, Germany: Beltz Test. 
 

Spielberger CD, Gorsuch RL, Lushene RE (1970). STAI manual for the State-Trait Anxiety Inventory. Palo Alto, CA: Consulting Psychologists Press. 
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B Conditioned and Unconditioned Stimuli 

 Participants underwent a well-established 2-day fear conditioning/extinction paradigm (Mueller 

et al., 2014) with acquisition and extinction stages on day 1 and a recall test on day 2. After 

extinction, participants completed a gambling task (Lueckel et al., 2018) unrelated to the current 

study. 

 Conditioned Stimuli (CS). Four different black-and-white male faces (Ekman and Friesen, 1976) 

with a neutral expression were used as CSs. The faces were assigned to CS types (i.e., CS+E, 

CS+N, CS-E, CS-N) in a counterbalanced fashion. During each trial, the CS face was presented 

for 4 s with a size of 13 cm × 18 cm on a black background (22-inch monitor, about 0.80 m from 

participant), using the computer program Presentation 17.0 (Neurobehavioral Systems, Berkeley, 

CA, USA). Prior to each trial, a white fixation cross was presented for 1 s. During a jittered intertrial 

interval (defined as CS offset to CS onset) of 6–8 s, a black screen was shown. As part of a 

habituation phase, which was performed prior to the acquisition phase, each CS was shown 5 times. 

 Unconditioned Stimulus (US). We used a 95 dB(A) white noise burst (duration: 1 s) as US, 

which has previously been shown to elicit a reliable conditioned response for the present paradigm 

(Sperl et al., 2016). The white noise burst started 3 s after CS onset and was presented by a room 

speaker. If the 95 dB(A) burst was experienced as too loud, the sound pressure level was reduced 

to 92 dB(A). Sound pressure level was reduced to 92 dB(A) for one participant each in the 

yohimbine and sulpiride groups and two participants in the placebo group. The sound pressure 

level was measured at the participant’s head position (approximately 2.30 m from the speaker).  

 Affective CS Ratings. Participants were asked to rate each CS with regard to its associated 

arousal (1 = “not arousing”; 5 = “very arousing”) and valence (1 = “very pleasant”; 5 = “very 

unpleasant”), prior to and after each experimental stage. After acquisition, we also assessed the 
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subjective awareness of the CS–US contingency (0 = “CS was never followed by US”; 3 = “CS 

was always followed by US”). 

 

 

C Pharmacological Challenge: Yohimbine, Sulpiride, and Placebo 

 As explained in the main text, participants received (in a double-blind manner) an oral dose of 

either 10 mg of yohimbine hydrochloride (HCl), 200 mg of sulpiride, or a placebo pill. Yohimbine 

(45–75 minutes; Le Verge et al., 1992; Berlan et al., 1993; Grasing et al., 1996; Sturgill et al., 1997; 

Tam et al., 2001) and sulpiride (3–4 hours; Wiesel et al., 1980; Sugnaux et al., 1983; Mauri et al., 

1996) vary in the time they take to reach peak plasma concentrations. To ensure peak plasma levels 

at a similar time prior to extinction, each participant ingested two capsules (see Figure 1B in the 

main text). Participants in the sulpiride group received sulpiride 3 hours prior to extinction at t1 and 

a placebo pill at t2. Participants in the yohimbine group received yohimbine 45 minutes prior to 

extinction at t2 and a placebo pill at t1. For participants in the placebo group, both capsules 

contained placebo pills. 

 The capsules were compounded by the study pharmacist and were identical in appearance. A 

cup of water was provided along with the capsules. To control for potential pharmacodynamic or 

pharmacokinetic food–drug interactions (Koziolek et al., 2019), participants received a 

standardized breakfast (water and 1–2 bread rolls with jam, hazelnut cocoa spread, cheese, or 

sausage) between day 1 acquisition and extinction phases. On day 2, participants were asked not 

to eat for two hours before the experiment. Yohimbine (Ernst and Pittler, 1998) and sulpiride 

(Rüther et al., 1999) are generally well-tolerated, and adverse side effects are very rare. 
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 Yohimbine. The indole alkaloid yohimbine promotes central and peripheral noradrenaline-

release (Goldberg and Robertson, 1983). In the brain, yohimbine acts as antagonist at presynaptic 

α2-adrenoceptors in the locus coeruleus (Dunlop et al., 2012). Blocking these inhibitory 

autoreceptors leads to increased locus coeruleus firing and noradrenaline-release (Singewald et al., 

2015; Dunlop et al., 2015). To confirm its successful influence on central noradrenaline (Ehlert et 

al., 2006; Nater and Rohleder, 2009; Ditzen et al., 2014), we assessed salivary α-amylase activity 

(sAA; see Supplementary Material, section D). Beyond the noradrenaline-system, yohimbine also 

acts on dopamine D2-receptors (Millan et al., 2000; Holmes and Quirk, 2010). Following previous 

studies (Powers et al., 2009; Meyerbroeker et al., 2012; Smits et al., 2014; Kuehl et al., 2020), we 

used a single acute dose of 10 mg yohimbine hydrochloride (HCl), which is rapidly absorbed and 

reaches peak plasma levels within 1 hour (Grasing et al., 1996; Tam et al., 2001). The elimination 

half-life ranges from 0.25 to 2.5 hours. However, an active yohimbine metabolite (11-hydroxy-

yohimbine) shows similar α2-adrenoceptor antagonist properties (Berlan et al., 1993; Tam et al., 

2001) and exhibits a longer half-life of around 6 hours (Le Verge et al., 1992; Sturgill et al., 1997). 

This may explain the relatively long-lasting pharmacodynamic effects. 

 Sulpiride. The substituted benzamide sulpiride acts as a selective antagonist at pre- and 

postsynaptic dopamine D2-receptors (Mauri et al., 1996). Sulpiride does not appear to significantly 

block other receptor types, such as noradrenergic receptors (O'Connor and Brown, 1982; Caley and 

Weber, 1995). The effects of sulpiride on dopamine depend partly on the dose chosen (Rankin et 

al., 2010; Crockett and Fehr, 2014; Ford, 2014). High doses (> 400 mg) are thought to exert effects 

primarily on postsynaptic D2-receptors (Eisenegger et al., 2014; Boschen et al., 2015), thus 

reducing dopaminergic action (Lai et al., 2013). In contrast, low doses of sulpiride (e.g., 100–200 

mg) appear to block mainly presynaptic autoreceptors, which is assumed to result in a net 

stimulatory effect on dopaminergic transmission (Tagliamonte et al., 1975; Kuroki et al., 1999). 
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Here, we used a single acute dose of 200 mg (Mueller et al., 2011; Chavanon et al., 2013; Ohmann 

et al., 2020) to increase dopamine (Mereu et al., 1983; Kuroki et al., 1999). Sulpiride is only slowly 

absorbed from the gastrointestinal tract; peak plasma levels occur within 3–4 hours, and the average 

elimination half-life ranges from 3–10 hours (Wiesel et al., 1980; Sugnaux et al., 1983; Mauri et 

al., 1996). 

 Following the recommendations by Crockett and Fehr (2014), we asked participants at the end 

of day 1 to report their beliefs about whether they had received an active substance (yohimbine or 

sulpiride) or a placebo pill. The proportion of participants who said that they had received a placebo 

(yohimbine group: 41%; sulpiride group: 50%; placebo group: 50%) did not differ between groups 

(Χ2(2) = 0.35, exact P = .881). This indicated successful blinding. 

 

 

D Salivary α-Amylase 

 Yohimbine and sulpiride were administered to enhance noradrenergic and dopaminergic 

transmission, respectively. To confirm the active effect of yohimbine on central noradrenaline 

release (Ehlert et al., 2006; Nater and Rohleder, 2009; Ditzen et al., 2014), we measured salivary 

α-amylase activity (sAA). Saliva samples were collected by using the passive drool method on both 

days at several time points (day 1: 9:30 AM, 11:30 AM, 11:57 AM, 12:07 PM, 12:17 PM, 12:27 

PM, 12:37 PM, 1:15 PM, 2:15 PM; day 2: 3:00 PM; see Figure 2 in the main text). Prior to each 

saliva collection time point, participants were instructed to rinse their mouths with water and to 

swallow all saliva. Afterward, participants were asked to collect passively the newly produced 

saliva in their mouths for two minutes and to release the cumulated saliva into a plastic sample tube 

(SaliCap Set; IBL International, Hamburg, Germany). The specimens were stored at –20 °C until 
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assay. After thawing for biochemical analysis, samples were centrifuged for 11 minutes at 3,000 

rpm, resulting in a clear supernatant. Saliva was diluted 1:400 using 0.9% saline solution. Next, 

sAA activity was measured using a kinetic colorimetric test and reagents obtained from Roche 

(Roche Diagnostics, Mannheim, Germany). The intra- and inter-assay coefficients of variance were 

less than 10%. To correct for skewed distributions, sAA data were log10-transformed. The sAA 

data of four participants could not be analyzed because the values were below the detection limit 

(< 3 U/ml; n = 1 in the placebo group) or because the values were extremely high (> 800 U/ml; 

n = 1 in the placebo group; n = 2 in the sulpiride group). 

 

 

E Skin Conductance, Electrocardiogram, and Electroencephalogram 

 Skin conductance, electrocardiogram (ECG), and electroencephalogram (EEG) were recorded 

at 1,000 Hz using a QuickAmp 72 amplifier (Brain Products, Munich, Germany). The monitor 

delay (33 ms) was assessed with a Brain Products Photo Sensor, and all marker latencies were 

corrected accordingly. All physiological data were low-pass filtered online with a cutoff frequency 

of 200 Hz. Preprocessing was performed in BrainVision Analyzer 2.1.2 (Brain Products, Munich, 

Germany). 

 Skin Conductance Responses (SCRs). To assess electrodermal activity (exosomatic 

measurement, 0.5 V direct current), two Ag/AgCl electrodes of a 10 mm diameter filled with 

isotonic (0.5% NaCl) electrolyte medium were placed on the thenar/hypothenar sites of the left 

hand. The raw signal was low-pass filtered (1 Hz, signal amplitude was attenuated by 3 dB at cutoff 

frequency, 4th order Butterworth filter, 24 dB/octave roll-off) offline in BrainVision Analyzer 2.1.2 

(Brain Products, Munich, Germany) and downsampled to 100 Hz. For visual data inspection, 
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artifact correction, and trough-to-peak analyses, the skin conductance data were exported to 

Ledalab 3.4.9 (Benedek and Kaernbach, 2010a, 2010b), which was implemented in the MATLAB 

9.2 environment (MathWorks, Natick, MA, USA). Technical artifacts were corrected with spline 

or cubic interpolation. Next, a skin conductance response (SCR) score was calculated for each trial. 

This was defined as the amplitude-sum of significant SCRs within 1 and 5 s after the CS onset. 

SCRs during the first second after CS onset were omitted (Boucsein et al., 2012), and SCRs smaller 

than 0.01 μS were considered to be zero responses. Before averaging, SCR scores were 

logarithmized, ln(μS+1), to ensure a normal distribution. Afterward, SCR scores for each CS type 

were averaged across trials. For the acquisition stage, only unreinforced CS+ trials were included 

to avoid contamination by an evoked response to the US. 

 Evoked Heart Period (HP). The electrocardiogram (ECG) was measured with pre-gelled 

Ag/AgCl disc surface electrodes (F-55 type, Megro, Wesel, Germany) in the Lead II configuration 

(right arm and left leg, ground electrode on left arm). The raw ECG data were band-pass filtered 

(1−30 Hz, signal amplitude was attenuated by 3 dB at cutoff frequencies, 4th order Butterworth 

filter, 24 dB/octave roll-off) and notch-filtered (50 ± 2.5 Hz, 16th order Butterworth filter, 96 

dB/octave roll-off) offline. Next, R-spikes were detected automatically using the ECG Markers 

Solution implemented in BrainVision Analyzer 2.1.2 (Brain Products, Munich, Germany). After 

manual screening, trials with artifacts were rejected and R-spike latencies were corrected if 

necessary. One participant had to be excluded from ECG analyses for the acquisition stage due to 

heavy recording artifacts. After artifact correction, a continuous heart period trace was calculated 

using custom-made MATLAB scripts (MATLAB 9.2; MathWorks, Natick, MA, USA). In 

particular, we converted the ECG to a time course of interbeat intervals (IBIs). Afterward, each IBI 

time point reflected the latency between the pre- and succeeding R-spike in ms (Mueller et al., 

2013). This IBI time series was then segmented into epochs ranging from –1 to 8 s relative to the 
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CS onset, baseline-corrected (1 s pre-CS), and averaged across trials for each CS type. Fear 

conditioning is typically associated with a robust cardiac deceleration for CS+ compared with CS- 

(Notterman et al., 1952; Deane and Zeaman, 1958; Panitz et al., 2015), which usually overlaps with 

the US presentation (Deane and Zeaman, 1958; Sperl et al., 2021). Consistent with previous studies 

(Thigpen et al., 2017; Panitz et al., 2018), the mean heart period change from 2 to 5 s after CS onset 

was extracted for statistical analyses. For the acquisition stage, only unreinforced CS+ trials were 

analyzed. 

 Electroencephalography (EEG). The electroencephalogram (EEG) was recorded with a 64-

channel actiCAP active electrode system and actiCAP electrode caps (Brain Products, Munich, 

Germany), referenced against the average. Raw EEG data were high-pass filtered (0.1 Hz, signal 

amplitude was attenuated by 3 dB at cutoff frequency, 4th order Butterworth filter, 24 dB/octave 

roll-off) and notch-filtered (50 ± 2.5 Hz, 16th order Butterworth filter, 96 dB/octave roll-off) 

offline. Ocular artifacts (eye blinks and movements) were corrected with independent component 

analysis (extended infomax ICA with classic principal component analysis sphering on the whole 

artifact-free EEG dataset). To obtain reliable and valid decomposition results (Winkler et al., 2015; 

Dimigen, 2020), the raw EEG signal was 0.5 Hz high-pass filtered for ICA only. Specifically, ICA 

weights were trained on the 0.5 Hz high-pass filtered data, ICA matrix files were exported, and, 

afterward, the “learned” weights (“IC filters”) were used to unmix and back-project the 0.1 Hz 

filtered EEG data (Debener et al., 2010; Winkler et al., 2015). All EEG data were manually 

screened for artifacts. Intervals that contained artifacts in at least one channel were excluded from 

further analyses, and corrupted channels were interpolated (spherical spline; Perrin et al., 1989). 

Finally, EEG was downsampled to 500 Hz. Prior to N170 and LPP analyses, a 30 Hz low-pass 

filter was applied (signal amplitude was attenuated by 3 dB at cutoff frequency, 4th order 

Butterworth filter, 24 dB/octave roll-off). 
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 N170 Event-Related Potential (ERP) Component. For analyses of the N170 component, the 

EEG was referenced against Cz, as this central reference better highlights the N170 at occipito-

temporal electrodes (Joyce and Rossion, 2005), which is hypothesized to be generated primarily in 

the fusiform gyrus (Pizzagalli et al., 2002). Next, event-related potentials (ERPs) were segmented 

relative to the CS onsets (–200 ms to 400 ms) and baseline-corrected. As expected, the aggregate 

grand average ERP (Brooks et al., 2017; collapsed across trials of all CS types, across all 

experimental groups, and across day 1 extinction and day 2 recall) showed a distinct negativity at 

bilateral occipito-temporal sites during the typical N170 period (Supplementary Figure S2A). 

Consistent with previous research (Eimer, 2011; Rossion and Jacques, 2012), this negativity was 

particularly pronounced at T7, TP7, TP9, P7, and PO9 over the left hemisphere, and at T8, TP8, 

TP10, P8, and PO10 over the right hemisphere. The aggregate grand average pooled across these 

electrodes showed a negative peak at 165 ms after CS onset. Consequently, we used the mean 

voltage during the time window from 145 to 185 ms (i.e., the negative peak ± 20 ms) for statistical 

analyses. 

 LPP (Late Positive Potential). In the literature, ERPs for LPP analyses are most frequently 

referenced to the mastoids, which allows emotion-related LPP modulations to be better highlighted 

(Hajcak et al., 2012). Thus, the EEG was referenced against the average of TP9 and TP10 

(mastoids) to analyze LPP responses. Next, we computed ERPs covering 1,000 ms time-locked to 

the CS onsets. ERPs were baseline-corrected (200 ms pre-stimulus) and averaged across trials of 

each CS type. The aggregate grand average ERP (Brooks et al., 2017) revealed a sustained positive 

deflection starting at around 400 ms after CS onset at parieto-occipital electrodes P1, Pz, P2, PO3, 

POz, PO4, O1, Oz, and O2. A robust positivity was visible from 400 to 800 ms (Supplementary 

Figure S2B), so we calculated the mean voltage during this time window. 
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Supplementary Figure S2. The topography (voltage maps, left panels) and waveform (right 

panels) of the aggregate grand average event-related potential (ERP; collapsed across trials of all 

CS types, across all experimental groups, and across day 1 extinction and day 2 recall) during the 

N170 and LPP periods. (A) The CSs evoked a distinct negativity at left (T7, TP7, TP9, P7, and 

PO9) and right (T8, TP8, TP10, P8, and PO10) occipito-temporal electrodes from 145 to 185 ms 

after CS onset (N170 period). The aforementioned electrodes were included in the ANOVA on 

N170 amplitudes; they are shown as white dots in the voltage map (left panel). To illustrate the 

ERP waveform, these electrodes were averaged (right panel). For N170 analyses, EEG data were 

referenced against Cz (gray dot in voltage map). (B) The CSs were associated with a sustained 

positivity from 400 to 800 ms after CS onset at parieto-occipital electrodes P1, Pz, P2, PO3, POz, 

PO4, O1, Oz, and O2. These electrodes were included in the ANOVA on LPP amplitudes. They 

are shown as white dots in the voltage map (left panel) and were averaged to display the ERP 

waveform (right panel). For LPP analyses, EEG data were referenced against the average of TP9 

and TP10 (mastoids, gray dots in voltage map). Gray-shaded areas indicate time windows for 

statistical analyses. “L” = left hemisphere, “R” = right hemisphere.
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F Descriptive Data and Statistical Details 

 Statistical details for day 1 fear acquisition (Supplementary Table S2), day 1 fear extinction (Supplementary Table S3), and day 2 

recall (Supplementary Table S4) are provided on the following pages. 

 

 

Supplementary Table S2. Day 1 Fear Acquisition: Descriptive (Mean ± Standard Deviation) and Inferential Statistics. 
 

Variable Yohimbine Group 

n = 17 

M (± SD) 

 

Sulpiride Group 

n = 16 

M (± SD) 

Placebo Group 

n = 18 

M (± SD) 

 CS+E CS-E CS+N CS-N CS+E CS-E CS+N CS-N CS+E CS-E CS+N CS-N 

CS Arousal 

Ratings1 

3.24 
(± 1.15) 

2.12 
(± 0.93) 

3.06 
(± 1.14) 

2.06 
(± 1.20) 

3.06 
(± 1.18) 

2.31 
(± 0.87) 

2.69 
(± 1.20) 

1.94 
(± 1.00) 

3.44 
(± 1.29) 

2.33 
(± 1.14) 

3.28 
(± 1.32) 

2.28 
(± 1.13) 

 
 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Later Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,48) = 27.36, P < .001 
 

CS Valence 

Ratings1 

3.82 
(± 1.07) 

2.65 
(± 1.22) 

4.00 
(± 0.87) 

2.41 
(± 1.00) 

3.62 
(± 1.09) 

3.13 
(± 1.41) 

3.50 
(± 0.97) 

2.81 
(± 1.17) 

4.06 
(± 0.94) 

2.89 
(± 1.32) 

3.61 
(± 1.04) 

2.67 
(± 0.91) 

 
 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Later Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,48) = 23.46, P < .001 
 

CS-evoked 

SCRs2 

0.07 
(± 0.05) 

0.05 
(± 0.03) 

0.08 
(± 0.06) 

0.06 
(± 0.04) 

0.04 
(± 0.06) 

0.03 
(± 0.03) 

0.05 
(± 0.05) 

0.03 
(± 0.02) 

0.07 
(± 0.07) 

0.04 
(± 0.04) 

0.06 
(± 0.05) 

0.04 
(± 0.04) 

 
 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Later Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,48) = 15.87, P < .001 
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CS-evoked 

Cardiac 

Deceleration3 

34.33 
(± 32.90) 

13.94 
(± 16.86) 

27.02 
(± 22.83) 

9.29 
(± 20.24) 

20.92 
(± 18.14) 

10.29 
(± 15.81) 

18.60 
(± 25.44) 

2.54 
(± 17.51) 

34.68 
(± 32.09) 

18.09 
(± 15.26) 

34.28 
(± 24.85) 

8.67 
(± 17.56) 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Later Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,47) = 44.94, P < .001 
 

1Participants were asked to rate each CS with regard to its associated arousal (1 = “not arousing”; 5 = “very arousing”) and valence  

(1 = “very pleasant”; 5 = “very unpleasant”). To confirm successful fear conditioning, subjective ratings after the fear acquisition stage 

were included in the analysis of variance (ANOVA). 
2CS-evoked skin conductance responses (SCRs) within 1 and 5 s after the CS onset, reported in ln(μS+1), averaged across all 

acquisition trials, see Supplementary Material, section E. 
3CS-evoked cardiac deceleration (measured with electrocardiography, ECG; changes in interbeat intervals in ms) from 2 to 5 s after the 

CS onset, averaged across all acquisition trials, see Supplementary Material, section E. One participant in the placebo group had to be 

excluded from ECG analyses for the acquisition stage due to heavy recording artifacts. 

 

 

 

 

Supplementary Table S3. Day 1 Fear Extinction: Descriptive (Mean ± Standard Deviation) and Inferential Statistics. 
 

Variable Yohimbine Group 

n = 17 

M (± SD) 

 

Sulpiride Group 

n = 16 

M (± SD) 

Placebo Group 

n = 18 

M (± SD) 

 CS+E CS-E CS+N CS-N CS+E CS-E CS+N CS-N CS+E CS-E CS+N CS-N 

CS Arousal 

Ratings1 

Before Extinction: 

2.53 
(± 0.94) 

2.24 
(± 0.83) 

--- --- 2.94 
(± 1.00) 

2.31 
(± 0.70) 

--- --- 2.83 
(± 1.20) 

2.00 
(± 0.97) 

--- --- 

 

After Extinction: 

2.65 
(± 1.06) 

2.12 
(± 0.78) 

--- --- 2.69 
(± 1.08) 

2.06 
(± 0.77) 

--- --- 2.89 
(± 1.28) 

2.33 
(± 1.03) 

--- --- 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Time (before/after extinction) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,48) = 20.89, P < .001 
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CS Valence 

Ratings1 

Before Extinction: 

3.06 
(± 0.66) 

3.00 
(± 0.94) 

--- --- 3.38 
(± 0.89) 

3.06 
(± 1.24) 

--- --- 3.39 
(± 1.15) 

3.11 
(± 0.96) 

--- --- 

 

After Extinction: 

3.18 
(± 0.95) 

2.76 
(± 0.90) 

--- --- 2.94 
(± 0.93) 

2.94 
(± 1.24) 

--- --- 3.06 
(± 1.21) 

2.89 
(± 1.08) 

--- --- 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Time (before/after extinction) × Group (yohimbine, sulpiride, placebo) 

   → No significant main effects or interactions involving Contingency (all Ps ≥ .081) 
 

CS-evoked 

SCRs2 

First 10 Extinction Trials: 

0.18 
(± 0.14) 

0.15 
(± 0.19) 

--- --- 0.12 
(± 0.08) 

0.11 
(± 0.11) 

--- --- 0.17 
(± 0.15) 

0.13 
(± 0.12) 

--- --- 

 

Last 10 Extinction Trials: 

0.06 
(± 0.06) 

0.06 
(± 0.06) 

--- --- 0.06 
(± 0.07) 

0.08 
(± 0.08) 

--- --- 0.09 
(± 0.13) 

0.06 
(± 0.07) 

--- --- 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Time (first/last 10 extinction trials) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,48) = 4.09, P = .049 
 

CS-evoked 

Cardiac 

Deceleration3 

First 10 Extinction Trials: 

24.60 
(± 31.89) 

27.18 
(± 35.63) 

--- --- 19.41 
(± 33.85) 

20.73 
(± 23.21) 

--- --- 40.88 
(± 35.06) 

34.79 
(± 39.23) 

--- --- 

 

Last 10 Extinction Trials: 

2.02 
(± 44.33) 

11.09 
(± 40.97) 

--- --- -2.11 
(± 31.15) 

-7.05 
(± 23.07) 

--- --- 20.74 
(± 26.09) 

24.90 
(± 32.00) 

--- --- 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Time (first/last 10 extinction trials) × Group (yohimbine, sulpiride, placebo) 

   → No significant main effects or interactions involving Contingency (all Ps ≥ .569) 
 

EEG N170 

Amplitude 

(145–185 ms)4 

Electrode T7: 

-2.82 
(± 2.69) 

-3.51 
(± 3.18) 

--- --- -2.84 
(± 2.29) 

-3.27 
(± 2.29) 

--- --- -2.88 
(± 3.07) 

-3.76 
(± 3.71) 

--- --- 
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Electrode TP7: 

-2.70 
(± 2.65) 

-3.45 
(± 3.22) 

--- --- -2.62 
(± 3.04) 

-3.03 
(± 3.08) 

--- --- -3.62 
(± 3.57) 

-3.53 
(± 4.40) 

--- --- 

 

Electrode TP9: 

-3.73 
(± 3.15) 

-4.27 
(± 3.48) 

--- --- -4.31 
(± 3.35) 

-4.29 
(± 3.32) 

--- --- -4.55 
(± 4.75) 

-4.58 
(± 5.32) 

--- --- 

 

Electrode P7: 

-1.54 
(± 3.19) 

-2.21 
(± 4.22) 

--- --- -1.65 
(± 4.21) 

-1.91 
(± 4.63) 

--- --- -2.66 
(± 4.89) 

-3.15 
(± 5.15) 

--- --- 

 

Electrode PO9: 

-1.10 
(± 4.04) 

-1.39 
(± 4.97) 

--- --- -1.29 
(± 4.86) 

-2.11 
(± 5.68) 

--- --- -1.02 
(± 4.57) 

-1.08 
(± 5.22) 

--- --- 

 

Electrode T8: 

-3.17 
(± 2.98) 

-3.17 
(± 2.91) 

--- --- -3.56 
(± 2.67) 

-4.18 
(± 2.69) 

--- --- -3.27 
(± 3.53) 

-3.23 
(± 3.93) 

--- --- 

 

Electrode TP8: 

-3.21 
(± 2.88) 

-3.23 
(± 3.20) 

--- --- -3.62 
(± 3.77) 

-3.95 
(± 3.46) 

--- --- -3.41 
(± 4.24) 

-3.46 
(± 4.33) 

--- --- 

 

Electrode TP10: 

-4.19 
(± 3.11) 

-4.35 
(± 3.79) 

--- --- -5.59 
(± 4.39) 

-5.35 
(± 4.13) 

--- --- -5.19 
(± 5.49) 

-4.99 
(± 5.36) 

--- --- 

 

Electrode P8: 

-1.59 
(± 3.55) 

-1.77 
(± 3.76) 

--- --- -1.94 
(± 4.53) 

-2.24 
(± 4.33) 

--- --- -2.17 
(± 4.63) 

-2.53 
(± 4.95) 

--- --- 

 

Electrode PO10: 

-1.10 
(± 3.63) 

-1.24 
(± 4.37) 

--- --- -1.80 
(± 4.40) 

-2.32 
(± 4.53) 

--- --- -0.86 
(± 4.88) 

-0.69 
(± 4.85) 

--- --- 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Hemisphere (left, right) × Electrode (T7/8, TP7/8, TP9/10, P7/8, PO9/10) 

    × Group (yohimbine, sulpiride, placebo) 

   → No significant main effects or interactions involving Contingency (all Ps ≥ .179) 
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EEG LPP 

Amplitude 

(400–800 ms)5 

Electrode P1: 

6.50 
(± 4.27) 

5.42 
(± 3.37) 

--- --- 5.44 
(± 3.42) 

4.15 
(± 3.46) 

--- --- 5.09 
(± 2.60) 

4.49 
(± 2.13) 

--- --- 

 

Electrode Pz: 

6.12 
(± 4.17) 

5.98 
(± 3.16) 

--- --- 5.46 
(± 3.91) 

4.43 
(± 3.34) 

--- --- 5.21 
(± 2.76) 

4.74 
(± 3.73) 

--- --- 

 

Electrode P2: 

6.68 
(± 4.27) 

6.18 
(± 3.05) 

--- --- 5.98 
(± 3.58) 

4.99 
(± 3.77) 

--- --- 4.86 
(± 3.17) 

5.02 
(± 2.68) 

--- --- 

 

Electrode PO3: 

6.55 
(± 4.12) 

5.49 
(± 3.71) 

--- --- 5.51 
(± 2.77) 

4.61 
(± 3.35) 

--- --- 5.66 
(± 2.33) 

5.12 
(± 2.83) 

--- --- 

 

Electrode POz: 

6.57 
(± 4.86) 

6.20 
(± 4.01) 

--- --- 5.52 
(± 3.13) 

4.71 
(± 3.47) 

--- --- 5.99 
(± 2.61) 

5.47 
(± 3.01) 

--- --- 

 

Electrode PO4: 

7.51 
(± 4.64) 

6.20 
(± 3.42) 

--- --- 6.32 
(± 3.31) 

5.38 
(± 3.12) 

--- --- 6.31 
(± 3.30) 

5.94 
(± 3.03) 

--- --- 

 

Electrode O1: 

5.05 
(± 3.23) 

4.92 
(± 3.07) 

--- --- 5.14 
(± 2.31) 

4.14 
(± 3.27) 

--- --- 5.50 
(± 3.13) 

5.24 
(± 3.69) 

--- --- 

 

Electrode Oz: 

5.22 
(± 4.11) 

4.00 
(± 3.04) 

--- --- 4.88 
(± 2.44) 

3.83 
(± 2.95) 

--- --- 4.97 
(± 3.22) 

5.16 
(± 3.45) 

--- --- 

 

Electrode O2: 

6.35 
(± 4.14) 

5.12 
(± 3.40) 

--- --- 5.58 
(± 2.33) 

5.16 
(± 2.86) 

--- --- 5.92 
(± 3.10) 

6.08 
(± 3.75) 

--- --- 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Electrode (P1, Pz, P2, PO3, POz, PO4, O1, Oz, O2) 

    × Group (yohimbine, sulpiride, placebo) 

   → No significant main effects or interactions involving Contingency (all Ps ≥ .083) 
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1Participants were asked to rate each CS with regard to its associated arousal (1 = “not arousing”; 5 = “very arousing”) and valence 

(1 = “very pleasant”; 5 = “very unpleasant”). To assess fear extinction, subjective ratings before and after the fear extinction stage were 

included in the analysis of variance (ANOVA). Note that non-extinguished stimuli (CS+N and CS-N) were not shown (and not rated) 

during extinction training. 
2CS-evoked skin conductance responses (SCRs) within 1 and 5 s after the CS onset, reported in ln(μS+1), see Supplementary Material, 

section E. To assess fear extinction, SCRs during the first and last 10 extinction training trials were included in the analysis of variance 

(ANOVA). 
3CS-evoked cardiac deceleration (measured with electrocardiography, ECG; changes in interbeat intervals in ms) from 2 to 5 s after the CS 

onset, see Supplementary Material, section E. To assess fear extinction, heart period (i.e., interbeat interval) changes during the first and 

last 10 extinction training trials were included in the analysis of variance (ANOVA). 
4CS-evoked N170 event-related potential (ERP) component (measured with electroencephalography, EEG), mean voltage changes (in μV) 

during the time window from 145 to 185 ms at bilateral occipito-temporal electrodes (T7, TP7, TP9, P7, and PO9 over the left hemisphere, 

and T8, TP8, TP10, P8, and PO10 over the right hemisphere), see Supplementary Material, section E. To achieve a sufficient signal-to-

noise ratio for EEG analyses (Huffmeijer et al., 2014), all extinction training trials were averaged. 
5CS-evoked late positive potential (LPP), which reflects a late-latency event-related potential (ERP) component (measured with 

electroencephalography, EEG), mean voltage changes (in μV) during the time window from 400 to 800 ms at parieto-occipital electrodes 

(P1, Pz, P2, PO3, POz, PO4, O1, Oz, and O2), see Supplementary Material, section E. To achieve a sufficient signal-to-noise ratio for 

EEG analyses (Huffmeijer et al., 2014), all extinction training trials were averaged. 
 

 

 

 
 

Supplementary Table S4. Day 2 Recall Test: Descriptive (Mean ± Standard Deviation) and Inferential Statistics. 
 

Variable Yohimbine Group 

n = 17 

M (± SD) 

 

Sulpiride Group 

n = 16 

M (± SD) 

Placebo Group 

n = 18 

M (± SD) 

 CS+E CS-E CS+N CS-N CS+E CS-E CS+N CS-N CS+E CS-E CS+N CS-N 

CS Arousal 

Ratings1 

2.76 
(± 1.15) 

2.00 
(± 0.87) 

2.53 
(± 1.01) 

2.06 
(± 1.09) 

2.94 
(± 1.12) 

2.12 
(± 0.72) 

2.44 
(± 0.89) 

2.00 
(± 0.89) 

2.67 
(± 1.14) 

2.28 
(± 0.96) 

2.83 
(± 1.20) 

2.22 
(± 0.94) 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,48) = 25.74, P < .001 
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CS Valence 

Ratings1 

3.24 
(± 1.03) 

3.06 
(± 1.03) 

3.59 
(± 0.80) 

2.94 
(± 0.90) 

3.37 
(± 1.03) 

3.38 
(± 1.15) 

3.31 
(± 1.01) 

3.12 
(± 1.09) 

3.33 
(± 1.14) 

3.11 
(± 1.02) 

3.22 
(± 1.31) 

2.94 
(± 0.80) 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → No significant main effects or interactions involving Contingency (all Ps ≥ .159) 
 

CS-evoked 

SCRs2 

0.17 
(± 0.15) 

0.11 
(± 0.10) 

0.13 
(± 0.09) 

0.11 
(± 0.09) 

0.17 
(± 0.17) 

0.12 
(± 0.12) 

0.13 
(± 0.12) 

0.11 
(± 0.13) 

0.12 
(± 0.15) 

0.08 
(± 0.07) 

0.11 
(± 0.14) 

0.05 
(± 0.05) 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → Main effect Contingency: F(1,48) = 8.79, P = .005 
 

CS-evoked 

Cardiac 

Deceleration3 

11.58 
(± 49.68) 

13.76 
(± 30.64) 

26.85 
(± 37.39) 

-5.56 
(± 46.30) 

15.82 
(± 43.22) 

4.45 
(± 29.43) 

12.93 
(± 29.34) 

11.25 
(± 28.08) 

24.55 
(± 30.50) 

16.95 
(± 21.15) 

13.74 
(± 32.29) 

19.76 
(± 22.37) 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Extinction Status (E, N) × Group (yohimbine, sulpiride, placebo) 

   → Interaction Contingency × Extinction Status × Group: F(2,48) = 4.27, P = .020 

   Follow-up ANOVAs within the three groups: Contingency (CS+, CS-) × Extinction Status (E, N) 

   → Yohimbine Group: Interaction Contingency × Extinction Status: F(1,16) = 4.70, P = .046 

           CS+E versus CS-E: t(16) = -0.17, P = .870 

           CS+N versus CS-N: t(16) = 2.68, P = .016 

   → Sulpiride Group: No significant main effects or interactions involving Contingency (all Ps ≥ .370) 

   → Placebo Group: No significant main effects or interactions involving Contingency (all Ps ≥ .261) 
 

EEG N170 

Amplitude 

(145–185 ms)4 

Electrode T7: 

-2.88 
(± 1.54) 

-3.01 
(± 2.20) 

-3.33 
(± 2.34) 

-2.51 
(± 1.92) 

-2.25 
(± 2.42) 

-2.78 
(± 1.90) 

-2.72 
(± 1.90) 

-2.63 
(± 1.68) 

-3.27 
(± 4.45) 

-3.49 
(± 3.84) 

-3.30 
(± 3.38) 

-3.59 
(± 4.79) 

 

Electrode TP7: 

-2.32 
(± 2.05) 

-2.63 
(± 1.77) 

-2.96 
(± 2.10) 

-2.03 
(± 2.05) 

-1.64 
(± 3.06) 

-2.26 
(± 1.94) 

-2.40 
(± 2.46) 

-2.05 
(± 2.18) 

-2.91 
(± 4.31) 

-3.54 
(± 4.31) 

-2.99 
(± 3.68) 

-3.13 
(± 4.52) 

 

Electrode TP9: 

-3.26 
(± 2.70) 

-3.30 
(± 2.78) 

-3.95 
(± 2.71) 

-2.72 
(± 2.61) 

-2.99 
(± 3.32) 

-3.71 
(± 2.40) 

-3.50 
(± 2.36) 

-3.50 
(± 2.73) 

-3.97 
(± 5.95) 

-4.28 
(± 5.41) 

-3.97 
(± 4.81) 

-4.33 
(± 5.68) 

 

Electrode P7: 

-1.16 -0.97 -1.28 -0.78 -0.46 -1.36 -1.01 -0.72 -1.76 -1.89 -2.11 -1.99 
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(± 2.86) (± 2.45) (± 1.93) (± 2.22) (± 4.04) (± 3.43) (± 3.71) (± 3.73) (± 5.27) (± 5.01) (± 4.90) (± 5.31) 
 

Electrode PO9: 

-0.06 
(± 4.56) 

0.22 
(± 3.58) 

-0.48 
(± 2.95) 

0.05 
(± 3.70) 

0.02 
(± 5.25) 

-1.10 
(± 4.40) 

-0.31 
(± 4.61) 

-0.32 
(± 4.93) 

0.89 
(± 5.63) 

-0.14 
(± 5.79) 

0.32 
(± 5.69) 

0.45 
(± 5.79) 

 

Electrode T8: 

-3.00 
(± 2.44) 

-2.84 
(± 2.70) 

-3.05 
(± 2.31) 

-2.66 
(± 2.04) 

-2.60 
(± 2.78) 

-3.03 
(± 2.07) 

-2.98 
(± 1.97) 

-2.96 
(± 2.27) 

-2.93 
(± 3.29) 

-2.86 
(± 3.43) 

-2.68 
(± 3.04) 

-2.86 
(± 3.83) 

 

Electrode TP8: 

-2.81 
(± 2.56) 

-2.48 
(± 2.40) 

-3.44 
(± 2.12) 

-2.46 
(± 1.99) 

-2.38 
(± 3.04) 

-2.97 
(± 2.43) 

-2.43 
(± 2.64) 

-2.65 
(± 2.84) 

-2.92 
(± 4.10) 

-2.88 
(± 4.36) 

-2.88 
(± 3.98) 

-3.09 
(± 5.53) 

 

Electrode TP10: 

-3.40 
(± 3.15) 

-3.62 
(± 2.60) 

-4.23 
(± 2.75) 

-3.02 
(± 2.35) 

-3.61 
(± 3.61) 

-4.25 
(± 3.47) 

-3.80 
(± 3.44) 

-4.37 
(± 3.47) 

-3.78 
(± 5.09) 

-4.21 
(± 4.85) 

-3.57 
(± 4.63) 

-4.24 
(± 5.40) 

 

Electrode P8: 

-0.96 
(± 3.73) 

-1.22 
(± 3.45) 

-2.11 
(± 2.54) 

-0.78 
(± 3.07) 

0.01 
(± 4.08) 

-0.76 
(± 3.74) 

0.08 
(± 4.01) 

-0.87 
(± 4.43) 

-0.86 
(± 4.63) 

-0.65 
(± 4.53) 

-1.12 
(± 4.71) 

-1.10 
(± 5.80) 

 

Electrode PO10: 

-0.49 
(± 3.45) 

-0.40 
(± 3.20) 

-1.34 
(± 2.78) 

-0.13 
(± 3.32) 

0.34 
(± 4.87) 

-0.56 
(± 3.66) 

0.12 
(± 4.27) 

-0.44 
(± 4.27) 

0.94 
(± 5.44) 

0.46 
(± 5.24) 

0.38 
(± 5.74) 

0.68 
(± 6.03) 

 

Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Extinction Status (E, N) × Hemisphere (left, right) 

    × Electrode (T7/8, TP7/8, TP9/10, P7/8, PO9/10) × Group (yohimbine, sulpiride, placebo) 

   → Interaction Contingency × Extinction Status × Hemisphere × Electrode × Group: F(8,192) = 2.60, P = .016 

   Follow-up ANOVAs within the three groups: Contingency (CS+, CS-) × Extinction Status (E, N) 

    × Hemisphere (left, right) × Electrode (T7/8, TP7/8, TP9/10, P7/8, PO9/10) 

   → Yohimbine Group: Interaction Contingency × Extinction Status × Hemisphere × Electrode: F(4,64) = 5.30, P < .001 

           Electrode TP10 (right brain hemisphere): Interaction Contingency × Extinction Status: F(1,16) = 7.72, P = .013 

              CS+E versus CS-E: t(16) = 0.66, P = .517 

              CS+N versus CS-N: t(16) = -2.34, P = .033 

           Electrode P8 (right brain hemisphere): Interaction Contingency × Extinction Status: F(1,16) = 10.26, P = .006 

              CS+E versus CS-E: t(16) = 0.70, P = .496 

              CS+N versus CS-N: t(16) = -3.03, P = .008 

           Electrode PO10 (right brain hemisphere): Interaction Contingency × Extinction Status: F(1,16) = 4.99, P = .040 
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              CS+E versus CS-E: t(16) = -0.29, P = .774 

              CS+N versus CS-N: t(16) = -2.59, P = .020 

   → Sulpiride Group: No significant main effects or interactions involving Contingency (all Ps ≥ .099) 

   → Placebo Group: No significant main effects or interactions involving Contingency (all Ps ≥ .093) 
  

EEG LPP 

Amplitude 

(400–800 ms)5 

Electrode P1: 

4.52 
(± 4.92) 

3.74 
(± 3.48) 

5.51 
(± 4.38) 

3.73 
(± 3.82) 

3.15 
(± 3.03) 

2.96 
(± 4.17) 

3.00 
(± 2.02) 

3.17 
(± 3.41) 

4.73 
(± 2.45) 

4.15 
(± 2.81) 

4.32 
(± 2.29) 

4.94 
(± 4.59) 

 

Electrode Pz: 

4.95 
(± 4.89) 

4.06 
(± 3.67) 

5.59 
(± 4.91) 

3.80 
(± 4.06) 

3.34 
(± 3.48) 

3.39 
(± 4.66) 

3.44 
(± 2.16) 

3.33 
(± 3.39) 

4.31 
(± 2.61) 

4.03 
(± 2.63) 

4.28 
(± 2.22) 

4.48 
(± 4.61) 

 

Electrode P2: 

4.86 
(± 5.01) 

4.20 
(± 3.49) 

5.72 
(± 4.92) 

3.73 
(± 3.75) 

3.42 
(± 3.75) 

3.63 
(± 4.34) 

3.84 
(± 2.43) 

3.48 
(± 3.52) 

4.73 
(± 2.82) 

4.25 
(± 2.88) 

4.11 
(± 2.34) 

4.80 
(± 4.91) 

 

Electrode PO3: 

4.50 
(± 4.95) 

4.22 
(± 3.39) 

5.76 
(± 4.79) 

3.97 
(± 4.08) 

4.23 
(± 2.98) 

3.71 
(± 4.39) 

4.19 
(± 2.92) 

3.84 
(± 4.10) 

6.19 
(± 6.14) 

5.33 
(± 3.65) 

5.44 
(± 3.98) 

6.43 
(± 7.01) 

 

Electrode POz: 

5.09 
(± 5.07) 

4.30 
(± 4.19) 

5.89 
(± 5.16) 

3.56 
(± 4.50) 

3.94 
(± 3.37) 

4.49 
(± 3.94) 

4.17 
(± 2.41) 

3.99 
(± 3.66) 

5.50 
(± 3.24) 

4.66 
(± 2.81) 

4.90 
(± 2.51) 

5.65 
(± 4.79) 

 

Electrode PO4: 

5.18 
(± 4.30) 

4.70 
(± 3.44) 

5.62 
(± 4.40) 

4.42 
(± 4.02) 

4.68 
(± 3.69) 

5.16 
(± 4.07) 

5.21 
(± 2.76) 

4.71 
(± 3.80) 

6.19 
(± 3.84) 

5.64 
(± 2.99) 

5.57 
(± 2.70) 

6.46 
(± 4.87) 

 

Electrode O1: 

4.33 
(± 3.61) 

3.89 
(± 3.21) 

5.21 
(± 4.70) 

3.36 
(± 4.05) 

4.68 
(± 3.25) 

4.68 
(± 3.63) 

4.69 
(± 3.32) 

4.26 
(± 3.45) 

5.60 
(± 3.31) 

5.14 
(± 3.01) 

5.13 
(± 2.99) 

6.02 
(± 5.04) 

 

Electrode Oz: 

3.48 
(± 3.13) 

3.31 
(± 3.11) 

4.73 
(± 4.21) 

3.04 
(± 3.57) 

3.85 
(± 2.60) 

4.07 
(± 3.59) 

4.61 
(± 3.35) 

4.10 
(± 3.87) 

5.41 
(± 3.67) 

4.78 
(± 3.12) 

4.73 
(± 3.26) 

5.74 
(± 5.85) 

 

Electrode O2: 

3.78 
(± 2.94) 

3.72 
(± 2.39) 

4.90 
(± 3.25) 

3.50 
(± 3.18) 

4.63 
(± 3.36) 

4.94 
(± 3.67) 

5.53 
(± 3.11) 

4.83 
(± 3.65) 

6.02 
(± 3.53) 

5.64 
(± 3.39) 

5.41 
(± 3.12) 

6.29 
(± 5.38) 
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Inferential Statistical Analysis: 

   ANOVA: Contingency (CS+, CS-) × Extinction Status (E, N) × Electrode (P1, Pz, P2, PO3, POz, PO4, O1, Oz, O2) 

    × Group (yohimbine, sulpiride, placebo) 

   → Interaction Contingency × Extinction Status × Group: F(2,48) = 3.43, P = .041 

   Follow-up ANOVAs within the three groups: Contingency (CS+, CS-) × Extinction Status (E, N) 

    × Electrode (P1, Pz, P2, PO3, POz, PO4, O1, Oz, O2) 

   → Yohimbine Group: Interaction Contingency × Extinction Status: F(1,16) = 4.61, P = .047 

           CS+E versus CS-E: t(16) = 1.25, P = .229 

           CS+N versus CS-N: t(16) = 3.15, P = .006 

   → Sulpiride Group: No significant main effects or interactions involving Contingency (all Ps ≥ .256) 

   → Placebo Group: No significant main effects or interactions involving Contingency (all Ps ≥ .198) 
  

1Participants were asked to rate each CS with regard to its associated arousal (1 = “not arousing”; 5 = “very arousing”) and valence 

(1 = “very pleasant”; 5 = “very unpleasant”). To assess fear and extinction recall, subjective ratings before the day 2 recall stage were 

included in the analysis of variance (ANOVA). 
2CS-evoked skin conductance responses (SCRs) within 1 and 5 s after the CS onset, reported in ln(μS+1), see Supplementary Material, 

section E. Because of a rapid habituation of fear-conditioned SCRs (Sperl et al., 2019), SCRs during the first 10 recall test trials were 

included in the analysis of variance (ANOVA). 
3CS-evoked cardiac deceleration (measured with electrocardiography, ECG; changes in interbeat intervals in ms) from 2 to 5 s after the 

CS onset, see Supplementary Material, section E. Because of a rapid habituation of fear-conditioned bradycardia (Panitz et al., 2018), 

heart period (i.e., interbeat interval) changes during the first 10 recall test trials were included in the analysis of variance (ANOVA). 
4CS-evoked N170 event-related potential (ERP) component (measured with electroencephalography, EEG), mean voltage changes (in 

μV) during the time window from 145 to 185 ms at bilateral occipito-temporal electrodes (T7, TP7, TP9, P7, and PO9 over the left 

hemisphere, and T8, TP8, TP10, P8, and PO10 over the right hemisphere), see Supplementary Material, section E. To achieve a 

sufficient signal-to-noise ratio for EEG analyses (Huffmeijer et al., 2014), all recall test trials were averaged. 
5CS-evoked late positive potential (LPP), which reflects a late-latency event-related potential (ERP) component (measured with 

electroencephalography, EEG), mean voltage changes (in μV) during the time window from 400 to 800 ms at parieto-occipital 

electrodes (P1, Pz, P2, PO3, POz, PO4, O1, Oz, and O2), see Supplementary Material, section E. To achieve a sufficient signal-to-

noise ratio for EEG analyses (Huffmeijer et al., 2014), all recall test trials were averaged. 
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G Supplementary Results for Day 1 Fear Acquisition 

 The key findings of the present study refer to the influence of yohimbine administration 

(between fear acquisition and extinction) on fear and extinction recall, which was assessed on the 

following day. For a precise interpretation of our day 2 results, it is a prerequisite to confirm that 

fear conditioning on day 1 was successful. Therefore, the detailed results for day 1 fear acquisition 

are provided as Supplementary Material G (see also Supplementary Table S2 in Supplementary 

Material F for statistical details). 

 As expected, affective CS ratings and peripheral physiological responses confirmed successful 

fear conditioning. Compared with the two CS- (CS-E and CS-N), both CS+ (CS+E and CS+N) 

were rated as significantly more arousing (see Supplementary Figure S3A) and unpleasant (see 

Supplementary Figure S3B). The Contingency (CS+, CS-) × Later Extinction Status (E, N) × Group 

(yohimbine, sulpiride, placebo) ANOVA on CS arousal ratings revealed a significant Contingency 

main effect (F(1,48) = 27.36, P < .001). Similarly, the ANOVA on CS valence ratings also showed 

a significant Contingency main effect (F(1,48) = 23.46, P < .001). 

 On the peripheral physiological level, both CS+ (CS+E and CS+N), relative to the two CS-  

(CS-E and CS-N), evoked significantly larger SCR amplitudes (see Supplementary Figure S3C) 

and significantly stronger cardiac deceleration (“fear-conditioned bradycardia”; see Supplementary 

Figure S4). For SCR data, the Contingency (CS+, CS-) × Later Extinction Status (E, N) × Group 

(yohimbine, sulpiride, placebo) ANOVA indicated a significant Contingency main effect (F(1,48) 

= 15.87, P < .001). Finally, a significant Contingency main effect (F(1,47) = 44.94, P < .001) was 

also observed for heart period data. Given that we found an effect of yohimbine on CS-evoked 

heart period changes during fear recall on day 2 (see main text), the heart period results during fear 
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Supplementary Figure S3. (A) Arousal and (B) valence ratings of the CSs after fear acquisition 

as well as (C) CS-evoked skin conductance responses (SCRs) during fear acquisition on day 1 

confirmed successful fear conditioning. Participants were asked to rate each CS with regard to its 

associated arousal (1 = “not arousing”; 5 = “very arousing”) and valence (1 = “very pleasant”; 5 = 

“very unpleasant”). Mean (± within-participant SEM, adjusted within each group; O'Brien and 

Cousineau, 2014) arousal/valence ratings and SCR amplitudes for each CS type are displayed. 
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Supplementary Figure S4. (A) CS-evoked heart period changes during fear acquisition on day 1 

confirmed successful fear conditioning. Mean (± within-participant SEM, adjusted within each 

group; O'Brien and Cousineau, 2014) heart period changes after CS onset are displayed. (B) The 

waveform of CS-evoked heart period changes is shown for to-be extinguished (CS+E, CS-E; upper 

panels) and to-be not extinguished (CS+N, CS-N; lower panels) stimuli, separately for the 

yohimbine (n = 17; left panels), sulpiride (n = 16; middle panels), and placebo groups (n = 18; right 

panels). Gray-shaded areas indicate time windows for statistical analyses (2–5 s post-CS). 
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acquisition on day 1 are of particular relevance. Thus, the waveform of CS-evoked heart period 

changes during fear acquisition on day 1 is displayed in Supplementary Figure S4B. Importantly, 

fear conditioning was successful for both to-be extinguished and to-be non-extinguished stimuli in 

each of the three groups. There were no significant interactions including the factors Later 

Extinction Status or Group (all Ps ≥ .329). 
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