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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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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.

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 a2-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
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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
a-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).
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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,
01, Oz, 02) 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-) xlater ex-
tinction status (E = extinguished, N = not extinguished) x 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) xtime (affective CS ratings: before/after extinction; skin
conductance and heart period: first/last 10 trials)x 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 x extinction status xgroup 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-) xhemisphere
(left, right) xelectrode (T7/8, TP7/8, TP9/10, P7/8, PO9/10) and
the between-participants factor group (yohimbine, sulpiride,
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A Two-Day Fear Conditioning and Extinction Paradigm
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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/0”). 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
arecall 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 (= t,) and yohimbine at 11:55 AM (= t,) 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 t, and a placebo pill at t,. Participants in the yohimbine group received yohimbine 45
minutes prior to extinction at t, and a placebo pill at t,. 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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Experimental Manipulation Check: Yohimbine Increases Salivary a-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 t,; n=16), 10 mg of yohimbine hydro-
chloride (YOH at t,; n=17), or a placebo pill (n=18). Salivary a-amylase activity (sSAA) 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 pMm) 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.

placebo) was computed for day 1 extinction. To analyze LPP
during extinction, we performed a contingency (CS+, CS-) x elec-
trode (P1, Pz, P2, PO3, POz, PO4, 01, Oz, 02)x 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
a-Amylase

Yohimbine administration (vs placebo) increased sAA activity
(Figure 2) directly before (t,,=2.34, P=.026) and after extinc-
tion (t,=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 ,, =15.87, P<.001)
and stronger cardiac deceleration (“fear-conditioned brady-
cardia”; F, , =44.94, P<.001) and were assessed as significantly
more arousing (F, ,,=27.36, P<.001) and unpleasant (F, ,=23.46,
P<.001).

1,48)

Day 1 Fear Extinction

The contingency x time x 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 ,, =20,89, P<.001) and generated elevated
SCRs (F,,,=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
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A Mean Heart Period Responses During Day 2 Fear and Extinction Recall
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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 x extinction status x 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 x extinction status x hemisphere x electrode x 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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A Mean LPP Responses During Day 2 Fear and Extinction Recall
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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 x extinction status x 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, P03, POz, PO4, O1, Oz, and 02) 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 x extinction status x group ANOVA for arousal
ratings at the beginning of day 2 recall showed a significant con-
tingency main effect (F ,,=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 =879,
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 xextinction statusxgroup
interaction (F, =427, P=.020, n} =.151). To further assess the
influence of the pharmacological manipulation on fear/extinc-
tion recall, we ran separate follow-up contingency x 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 x extinction status interaction (F,,,=4.70, P=.046,
17%=.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,, =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,,=-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 x extinction
status x hemisphere x electrode x group interaction (F ,,,=2.60,
P=.016, 73=.098). Unexpectedly (but in line with our heart
period data), follow-up contingency x extinction statusxhemi-
sphere x 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 xextinction statusxhemisphere x
electrode interaction (F, g, =5.30, P<.001, 7}=.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 x 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 xextinction statusxgroup interaction
(F p,46y= 343, P=.041, 113 =.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 x extinction status interaction (F,,,=4.61, P=.047,
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n73=.224); this complemented our N170 results. We observed
larger LPP amplitudes for CS+N compared with CS-N (t,=3.15,
P=.006) within the yohimbine group. Conversely, there was no
significant difference between LPP responses following CS+E
and CS-E (t,,=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 a2-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 (Frassle et al., 2016) and
danger-related emotion processing (Gainotti, 2019).

2202 1990)20 20 UO Jasn Aleiqi Seousios y)[esH [elus| ‘[e)dsoH ueaTop Aq LEZ/199/66./6/52/910Me/duli/woo-dno-ojwapesey/:sdpy woy papeojumoq



768 | International Journal of Neuropsychopharmacology, 2022

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; Brandao 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 a2-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 (Buzsdki 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 (UNPPY) online.
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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/m?; 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.

CS-US Contingency Awareness After Day 1 Fear Acquisition
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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 (z 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 Sulpiride Group Placebo Group Between-Groups
n=17 n=16 n=18 Statistical Comparison
M (x SD) M (x SD) M (x SD)
Age and Body Mass Index (BMI)
Age [Inclusion Criterion: 18-35 years] 22.24 (£ 2.75) 22.63 (£ 3.24) 22.94 (£ 3.28) F(2,48) =0.23, P =.796
Actual Age Range: 18-32 years 19-28 18-29 19-32
BMI [Inclusion Criterion: 17-30 kg/m?] 23.65 (+ 3.13) 24.22 (+ 3.20) 23.86 (+ 2.22) F(2,48) =0.17, P = .846
Actual BMI Range: 17.73-29.94 kg/m? 19.25-29.32 17.73-29.73 20.99-29.94
Sleep Measures!
Sleep Quality Before Day 1 [1-5] 3.76 (= 0.75) 3.69 (x 0.60) 3.89 (x 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 Anxiety?
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.c., 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 x 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 (HCI), 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 t; and
a placebo pill at t. Participants in the yohimbine group received yohimbine 45 minutes prior to
extinction at t> and a placebo pill at ti. 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

(Ruther 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
a2-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 a-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 (HCI), 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 a2-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
etal., 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

(X2(2) = 0.35, exact P = .881). This indicated successful blinding.

D Salivary a-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
a-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 logio-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/AgCI 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,

S10
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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 puS were considered to be zero responses. Before averaging, SCR scores were
logarithmized, In(uS+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/AgCI disc surface electrodes (F-55 type, Megro, Wesel, Germany) in the Lead Il 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 1BI
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

S11
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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
(Thigpenetal., 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, 01, 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.

S13
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A N170 ERP Component: Aggregate Grand Average ERP
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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
PQO9) 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 Sulpiride Group Placebo Group
n=17 n=16 n=18
M (+ SD) M (£ SD) 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 3.24 2.12 3.06 2.06 3.06 2.31 2.69 1.94 3.44 2.33 3.28 2.28
Ratings* (+1.15) (x0.93) (x1.14) (x120) (+1.18) (x0.87) (£1.20) (£1.00) (¥1.29) (*1.14) (¥1.32) (¢¥1.13)
Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Later Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,48) = 27.36, P <.001
CS Valence 3.82 2.65 4.00 241 3.62 3.13 3.50 281 4.06 2.89 3.61 2.67
Ratings* (#1.07) (x1.22) (+x0.87) (+1.00) (¥1.09) (¥1.41) (x0.97) (x1.17) (x0.94) (£1.32) (¥1.04) (+x0.91)
Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Later Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,48) = 23.46, P < .001
CS-evoked 0.07 0.05 0.08 0.06 0.04 0.03 0.05 0.03 0.07 0.04 0.06 0.04
SCRs? (+0.05) (x0.03) (x0.06) (+x0.04) (x0.06) (+x0.03) (£0.05) (£0.02) (£0.07) (£0.04) (£0.05) (+0.04)

Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Later Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,48) = 15.87, P <.001
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CS-evoked
Cardiac
Deceleration®

34.33 13.94 27.02 9.29 20.92 10.29 18.60 2.54 34.68 18.09 34.28 8.67
(£32.90) (+16.86) (+22.83) (£20.24) (+18.14) (+15.81) (£25.44) (+1751) (£32.09) (£15.26) (+24.85) (+17.56)

Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Later Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,47) =44.94, P <.001

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™). 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 In(uS+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 Sulpiride Group Placebo Group
n=17 n=16 n=18
M (+ SD) M (£ SD) 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 Before Extinction:
Ratings! 2.53 2.24 2.94 2.31 2.83 2.00
(+0.94) (x0.83) (+1.00) (x0.70) (+1.20) (x0.97)
After Extinction:
2.65 2.12 2.69 2.06 2.89 2.33
(+1.06) (x0.78) (+1.08) (x0.77) (+1.28)  (+x1.03)

Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Time (before/after extinction) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,48) = 20.89, P <.001
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CS Valence Before Extinction:
Ratings! 3.06 3.00 3.38 3.06 3.39 3.11
(£0.66)  (+0.94) (+0.89) (x1.24) (+1.15)  (+0.96)
After Extinction:
3.18 2.76 2.94 2.94 3.06 2.89
(£0.95)  (+0.90) (+0.93) (x1.24) (*1.21)  (+1.08)
Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Time (before/after extinction) x Group (yohimbine, sulpiride, placebo)
— No significant main effects or interactions involving Contingency (all Ps > .081)
CS-evoked First 10 Extinction Trials:
SCRs? 0.18 0.15 0.12 0.11 0.17 0.13
(£0.14)  (x0.19) (+0.08)  (x0.11) (+0.15)  (x0.12)
Last 10 Extinction Trials:
0.06 0.06 0.06 0.08 0.09 0.06
(£0.06)  (+0.06) (+0.07)  (+0.08) (+0.13)  (x0.07)
Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Time (first/last 10 extinction trials) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,48) = 4.09, P =.049
CS-evoked First 10 Extinction Trials:
Cardiac 24.60 27.18 19.41 20.73 40.88 34.79
Deceleration®  (£31.89) (+35.63) (+33.85) (+23.21) (+35.06) (+39.23)
Last 10 Extinction Trials:
2.02 11.09 -2.11 -7.05 20.74 24.90
(+44.33) (+40.97) (+31.15) (+23.07) (+26.09) (+32.00)

Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Time (first/last 10 extinction trials) x Group (yohimbine, sulpiride, placebo)
— No significant main effects or interactions involving Contingency (all Ps > .569)

EEG N170
Amplitude
(145-185 ms)*

Electrode T7:

282 -351 ~ 284 327 ~  .288  -376
(£269) (+3.18) (£229)  (+2.29) (+3.07) (+3.71)



Electrode TP7:

-2.70 -3.45
(£2.65) (+3.22)

Electrode TP9:

-3.73 -4.27
(£3.15)  (3.48)

Electrode P7:

-1.54 -2.21
(£3.19) (£4.22)

Electrode PO9:

-1.10 -1.39
(£4.04)  (+4.97)

Electrode T8:

-3.17 -3.17
(£2.98)  (+291)

Electrode TPS:

-3.21 -3.23
(£2.88)  (+3.20)

Electrode TP10:

-4.19 -4.35
(£3.11) (+3.79)

Electrode PS8:

-1.59 -1.77
(£3.55)  (+3.76)

Electrode PO10:

-1.10 -1.24
(£363) (+4.37)

Inferential Statistical Analysis:

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

-2.62
(+ 3.04)

-4.31
(+ 3.35)

-1.65
(£ 4.21)

-1.29
( 4.86)

-3.56
(+ 2.67)

-3.62
(£3.77)

-5.59
(+ 4.39)

-1.94
(+ 4.53)

-1.80
(+4.40)

x Group (yohimbine, sulpiride, placebo)
— No significant main effects or interactions involving Contingency (all Ps >.179)

-3.03
(+ 3.08)

-4.29
(£3.32)

-1.91
(+ 4.63)

-2.11
(+ 5.68)

-4.18
(£ 2.69)

-3.95
(+ 3.46)

-5.35
(£ 4.13)

-2.24
(+ 4.33)

-2.32
(£ 4.53)

Noradrenaline Strengthens Fear Consolidation: Supplementary Material

-3.62
(£ 3.57)

-4.55
(+ 4.75)

-2.66
(+ 4.89)

-1.02
(+ 4.57)

-3.27
(+ 3.53)

-3.41
(£ 4.24)

-5.19
(£ 5.49)

-2.17
(+ 4.63)

-0.86
(+ 4.88)

-3.53
(+ 4.40)

-4.58
(£5.32)

-3.15
(+ 5.15)

-1.08
(£ 5.22)

-3.23
(+ 3.93)

-3.46
(+ 4.33)

-4.99
(£ 5.36)

-2.53
(+ 4.95)

-0.69
(x4.85)
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EEG LPP
Amplitude
(400-800 ms)®

Electrode P1:

6.50 5.42
(£4.27)  (+3.37)

Electrode Pz:

6.12 5.98
(£4.17)  (+3.16)

Electrode P2:

6.68 6.18
(£4.27)  (+3.05)

Electrode POS:

6.55 5.49
(£4.12) (+3.71)

Electrode POz:

6.57 6.20
(£4.86)  (+4.01)

Electrode PO4:

7.51 6.20
(£4.64)  (+3.42)

Electrode O1:

5.05 4,92
(£3.23)  (+3.07)

Electrode Oz:
5.22 4.00
(+4.11) (+3.04)
Electrode O2:

6.35 5.12
(£4.14)  (+3.40)

Inferential Statistical Analysis:

ANOVA: Contingency (CS+, CS-) x Electrode (P1, Pz, P2, PO3, POz, PO4, O1, Oz, 02)

5.44
(£ 3.42)

5.46
(+3.91)

5.98
(+ 3.58)

551
(£ 2.77)

5.52
(+3.13)

6.32
(+3.31)

5.14
(+2.31)

4.88
(£ 2.44)

5.58
(+2.33)

x Group (yohimbine, sulpiride, placebo)
— No significant main effects or interactions involving Contingency (all Ps >.083)

4.15
(+ 3.46)

4.43
(£ 3.34)

4.99
(£3.77)

4.61
(+ 3.35)

4.71
(£ 3.47)

5.38
(£3.12)

4.14
(+3.27)

3.83
(£ 2.95)

5.16
(+ 2.86)

5.09
(+ 2.60)

5.21
(£ 2.76)

4.86
(£ 3.17)

5.66
(£ 2.33)

5.99
(£ 2.61)

6.31
(+ 3.30)

5.50
(+3.13)

4.97
(£ 3.22)

5.92
(+ 3.10)

4.49
(£ 2.13)

4.74
(£ 3.73)

5.02
(+ 2.68)

5.12
(£ 2.83)

5.47
(£ 3.01)

5.94
(£ 3.03)

5.24
(+ 3.69)

5.16
(+ 3.45)

6.08
(£ 3.75)
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!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™). 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 In(uS+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).

“CS-evoked N170 event-related potential (ERP) component (measured with electroencephalography, EEG), mean voltage changes (in uV)
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.

°CS-evoked late positive potential (LPP), which reflects a late-latency event-related potential (ERP) component (measured with
electroencephalography, EEG), mean voltage changes (in wV) during the time window from 400 to 800 ms at parieto-occipital electrodes
(P1, Pz, P2, PO3, POz, PO4, O1, Oz, and 02), 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 Sulpiride Group Placebo Group
n=17 n=16 n=18
M (£ SD) M (£ SD) 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 2.76 2.00 2.53 2.06 2.94 2.12 2.44 2.00 2.67 2.28 2.83 2.22
Ratings (+1.15) (£0.87) (£1.01) (£1.09) (+1.12) (£0.72) (£0.89) (£0.89) (£1.14) (£0.96) (£1.20) (£0.94)

Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,48) = 25.74, P <.001
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CS Valence 3.24 3.06 3.59 2.94 3.37 3.38 3.31 3.12 3.33 3.11 3.22 2.94
Ratings* (+1.03) (+1.03) (+0.80) (x0.90) (+1.03) (£1.15 (+1.01) (¥1.09) (¥1.14) (¢1.02) (x1.31) (+0.80)
Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— No significant main effects or interactions involving Contingency (all Ps > .159)

CS-evoked 0.17 0.11 0.13 0.11 0.17 0.12 0.13 0.11 0.12 0.08 0.11 0.05
SCRs2 (£0.15) (+0.10) (£0.09) (£0.09) (+0.17) (+0.12) (£0.12) (+0.13) (x0.15) (£0.07) (+0.14) (+0.05)

Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— Main effect Contingency: F(1,48) = 8.79, P =.005

CS-evoked 11.58 13.76 26.85 -5.56 15.82 4.45 12.93 11.25 24.55 16.95 13.74 19.76
Cardiac (£49.68) (+30.64) (+37.39) (£46.30) (+43.22) (+29.43) (£29.34) (+28.08) (+30.50) (+21.15) (+32.29) (+22.37)

Deceleration®  nferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Extinction Status (E, N) x Group (yohimbine, sulpiride, placebo)
— Interaction Contingency x Extinction Status x Group: F(2,48) = 4.27, P =.020
Follow-up ANOVAs within the three groups: Contingency (CS+, CS-) x Extinction Status (E, N)
— Yohimbine Group: Interaction Contingency x 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 Electrode T7:
Amplitude -2.88 -3.01 -3.33 -2.51 -2.25 -2.78 -2.72 -2.63 -3.27 -3.49 -3.30 -3.59
(145-185 ms)* (x154) (¥220) (£2.34) (+1.92) (+242) (£1.90) (+1.90) (£168) (+445) (+384) (£338) (x4.79)
Electrode TP7:
-2.32 -2.63 -2.96 -2.03 -1.64 -2.26 -2.40 -2.05 -2.91 -3.54 -2.99 -3.13
(#2.05) (x1.77) (x210) (£2.05) (£3.06) (¥1.94) (x2.46) (x2.18) (x4.31) (£431) (£3.68) (+x4.52)
Electrode TP9:
-3.26 -3.30 -3.95 -2.72 -2.99 -3.71 -3.50 -3.50 -3.97 -4.28 -3.97 -4.33
(#2.70) (x278) (x271) (£261) (¥3.32) (¥240) (*2.36) (x273) (£595) (£5.41) (+4.81) (+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) (+193) (£2.22) (+4.04) (£343) (£3.71) (£373) (£527) (£5.01) (+4.90) (+5.31)

Electrode PO9:

-0.06 0.22 -0.48 0.05 0.02 -1.10 -0.31 -0.32 0.89 -0.14 0.32 0.45
(£4.56) (+358) (:295) (£3.70) (+5.25) (+4.40) (£4.61) (+4.93) (+563) (£579) (+5.69) (+5.79)

Electrode T8:

-3.00 -2.84 -3.05 -2.66 -2.60 -3.03 -2.98 -2.96 -2.93 -2.86 -2.68 -2.86
(£2.44) (£270) (£2.31) (£2.04) (+278) (+207) (£1.97) (£227) (+329) (£3.43) (+3.04) (+3.83)

Electrode TPS:

-2.81 -2.48 -3.44 -2.46 -2.38 -2.97 -2.43 -2.65 -2.92 -2.88 -2.88 -3.09
(£256) (£240) (£212) (£1.99) (£3.04) (£243) (£2.64) (+2.84) (£4.10) (+4.36) (+3.98) (£553)

Electrode TP10:

-3.40 -3.62 -4.23 -3.02 -3.61 -4.25 -3.80 -4.37 -3.78 -4.21 -3.57 -4.24
(£3.15) (£2.60) (£2.75) (£2.35) (£3.61) (£347) (£3.44) (£347) (£500) (+4.85) (+4.63) (£5.40)

Electrode PS8:

-0.96 -1.22 -2.11 -0.78 0.01 -0.76 0.08 -0.87 -0.86 -0.65 -1.12 -1.10
(£3.73) (+3.45) (+254) (£3.07) (+4.08) (£3.74) (£4.01) (+4.43) (+4.63) (£453) (+471) (+5.80)

Electrode PO10:

-0.49 -0.40 -1.34 -0.13 0.34 -0.56 0.12 -0.44 0.94 0.46 0.38 0.68
(£3.45) (£3.20) (£2.78) (£3.32) (+4.87) (£3.66) (£4.27) (£4.27) (£544) (£5.24) (£574) (+6.03)

Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Extinction Status (E, N) x Hemisphere (left, right)
x Electrode (T7/8, TP7/8, TP9/10, P7/8, PO9/10) x Group (yohimbine, sulpiride, placebo)
— Interaction Contingency x Extinction Status x Hemisphere x Electrode x Group: F(8,192) = 2.60, P = .016
Follow-up ANOVAs within the three groups: Contingency (CS+, CS-) x Extinction Status (E, N)
x Hemisphere (left, right) x Electrode (T7/8, TP7/8, TP9/10, P7/8, PO9/10)
— Yohimbine Group: Interaction Contingency x Extinction Status x Hemisphere x Electrode: F(4,64) = 5.30, P <.001
Electrode TP10 (right brain hemisphere): Interaction Contingency x 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 x 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 x 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 Electrode P1:
Amplitude 4.52 3.74 5.51 3.73 3.15 2.96 3.00 3.17 473 4.15 4.32 494
(400-800 ms)® (+4.92) (+348) (£4.38) (+x3.82) (£3.03) (£4.17) (x202) (+341) (£245) (¥281) (+229) (£4.59)
Electrode Pz:
4.95 4.06 5.59 3.80 3.34 3.39 3.44 3.33 431 4.03 4.28 4.48
(+4.89) (x3.67) (x4.91) (x4.06) (+3.48) (+4.66) (£2.16) (£3.39) (£261) (£263) (¥2.22) (+x4.61)
Electrode P2:
4.86 4.20 5.72 3.73 3.42 3.63 3.84 3.48 473 4.25 411 4.80
(+5.01) (x3.49) (x4.92) (375 (x3.75) (x4.34) (£243) (£352) (£2.82) (£2.88) (¥2.34) (x4.91)
Electrode POS:
4.50 4.22 5.76 3.97 4.23 3.71 4.19 3.84 6.19 5.33 5.44 6.43
(+4.95) (x3.39) (x4.79) (x4.08) (£298) (+x4.39) (£292) (+4.10) (£6.14) (£3.65) (¥3.98) (x7.01)
Electrode POz:
5.09 4.30 5.89 3.56 3.94 4.49 417 3.99 5.50 4.66 490 5.65
(+5.07) (x4.19) (x5.16) (x450) (£3.37) (£3.94) (£241) (£366) (£3.24) (£281) (¥251) (x4.79)
Electrode PO4:
5.18 4.70 5.62 4.42 4.68 5.16 5.21 471 6.19 5.64 5.57 6.46
(+4.30) (x3.44) (x4.40) (x4.02) (£3.69) (x4.07) (£2.76) (£3.80) (£3.84) (£2.99) (£2.70) (+4.87)
Electrode O1:
4.33 3.89 5.21 3.36 4.68 4.68 4.69 4.26 5.60 5.14 5.13 6.02
(+3.61) (x3.21) (x4.70) (x4.05 (325 (+3.63) (£3.32) (£3.45) (£331) (£3.01) (¥299) (+5.04)
Electrode Oz:
3.48 3.31 473 3.04 3.85 4.07 461 4.10 5.41 478 473 5.74
(x313) (£311) (x4.21) (x357) (£260) (x359) (x335) (+3.87) (x367) (x3.12) (£3.26) (x5.85)
Electrode O2:
3.78 3.72 4.90 3.50 4.63 4.94 5.53 4.83 6.02 5.64 5.41 6.29
(+2.94) (¥239) (+3.25) (+3.18) (+3.36) (+3.67) (£3.11) (£365) (£353) (£3.39) (£3.12) (+5.38)
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Inferential Statistical Analysis:
ANOVA: Contingency (CS+, CS-) x Extinction Status (E, N) x Electrode (P1, Pz, P2, PO3, POz, PO4, O1, Oz, O2)
x Group (yohimbine, sulpiride, placebo)
— Interaction Contingency x Extinction Status x Group: F(2,48) = 3.43, P =.041
Follow-up ANOVAs within the three groups: Contingency (CS+, CS-) x Extinction Status (E, N)
x Electrode (P1, Pz, P2, PO3, POz, PO4, O1, Oz, 0O2)
— Yohimbine Group: Interaction Contingency x 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)

Yparticipants 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 In(uS+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
uV) 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.

CS-evoked late positive potential (LPP), which reflects a late-latency event-related potential (ERP) component (measured with
electroencephalography, EEG), mean voltage changes (in pV) during the time window from 400 to 800 ms at parieto-occipital
electrodes (P1, Pz, P2, PO3, POz, PO4, 01, 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-) x Later Extinction Status (E, N) x 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-) x Later Extinction Status (E, N) x 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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A Mean CS Arousal Ratings After Day 1 Fear Acquisition
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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 (x 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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A Mean Heart Period Responses During Day 1 Fear Acquisition
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B Waveform of CS-Evoked Heart Period Changes During Day 1 Fear Acquisition
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Supplementary Figure S4. (A) CS-evoked heart period changes during fear acquisition on day 1
confirmed successful fear conditioning. Mean (x 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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