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Say after me: It’s no better to be safe than sorry.
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Abstract

Fear is an emotional state, characterized by the activation of a defense system that is
designed to ensure the organism’s survival. This system enables a rapid recognition of threats
and organizes defensive response patterns in order to adaptively cope with the threatening
environment. Yet, to ensure its flexibility under changing environmental conditions, inhibitory
pathways exist that modulate the activation of this defense system, if a previously threatening
cue no longer predicts any harm — a memory-formatting process referred to as fear extinction,
leading to a reduction of defensive responding. Fear extinction is presumed to at least partially
underlie exposure treatment of anxiety disorders, which is why the facilitation of this learning
process may promote such treatment’s efficacy. Animal models suggested, that the stimulation
of the vagus nerve or the superior colliculus (SC) — a midbrain structure mediating visual
attentional processing — target these inhibitory extinction pathways and, thus, facilitate fear
extinction. However, as it is unclear whether similar mechanisms exist in humans, this thesis
manuscript examined how non-invasive stimulation of these inhibitory pathways by
transcutaneous vagus nerve stimulation (tVNS) or SC-recruiting visual attentional

manipulation impact on human fear extinction.

To this end, we conducted three studies using multiple-day single-cue fear conditioning
and extinction paradigms. First, we elaborated on fear that is established in these paradigms by
examining defensive responding that is elicited by an innocuous conditioned stimulus, which
has either been paired (fear learning group) with an aversive unconditioned stimulus (US; an
electric shock) or was unpaired (control group; study 1). During the following extinction
training, either tVNS vs. sham stimulation was applied (study 1, study 2) or participants were
instructed, to either generate saccadic eye movements (strong SC activation) vs. smooth eye
pursuits (low SC activation; study 3). During subsequent sessions, extinction consolidation as

well as the short- and long-term extinction recall was tested (study 2, study 3).



Conditioned fear in the fear learning group was characterized by elevated cognitive risk
assessments (US-expectancy ratings), as well as increased cardiac deceleration and startle
reflex potentiation compared to controls. Cardiac deceleration was positively correlated to
startle potentiation, but was decoupled from cognitive risk assessments (study 1). Initial, short-
and long-term extinction of these defensive responses was facilitated by tVNS on all three
response levels (cognitive, physiological, behavioral; study 1, study 2). In contrast, saccades
facilitated initial extinction only for physiological and behavioral elements of the defensive
response pattern, while extinction consolidation and recall was impaired by any eye movement

manipulation (study 3) for physiological and behavioral indicators of defensive responding.

Taken together, the data of the experimental series suggest, that on a behavioral level,
conditioned fear may best be conceived as attentive immobility — a defense strategy elicited by
inevitable distal threats, that is uniformly expressed across species and is accompanied by
cardiac deceleration and startle reflex potentiation. In addition, it was shown that such rather
automatic defensive adaptations are independent from verbally expressed threat expectancies.
As expected, tVNS impacted on fear extinction on both levels, strongly in line with the
suggestion, that vagal stimulation activates cortical and subcortical neural pathways involved
in extinction learning, consolidation and recall. TVNS may, thus, be a promising adjuvant for
exposure treatment of mental disorders. In contrast, SC-recruiting visual attentional
manipulation only affected subcortically mediated defensive responding, in line with rodent
findings, indicating that the SC specifically inhibits subcortical parts of the neural defense
system. However, as extinction recall was impaired by any type of visual attentional
manipulation, this appeared to have functioned as a form of avoidance, initially attenuating fear
but preventing extinction consolidation and, thus, impairing sustained fear reduction. Both non-
invasive stimulation techniques may therefore increase initial defensive flexibility in the face
of no-longer threat-signaling stimuli, but only tVNS may achieve long-term effects on multiple

response levels.



Zusammenfassung

Furcht ist ein affektiver Zustand, der durch die Aktivierung eines Defensivsystems
gekennzeichnet ist, mit dem Ziel das Uberleben des Organismus zu sichern. Dieses System
ermoglicht sowohl das schnelle Erkennen von Bedrohungen, steuert aber auch defensive
Reaktionsmuster um effektiv auf Bedrohungen der Umwelt zu reagieren. Um die Flexibilitdt
dieses Systems unter wechselnden Umweltbedingungen zu gewéhrleisten, existieren jedoch
ebenso hemmende Pfade, die die Aktivierung des Defensivsystems abschwichen, wenn ein
zuvor bedrohlicher Reiz keine Gefahr mehr vorhersagt — ein Gedéchtnis-bildender Prozess, der
als Furchtextinktion bezeichnet wird und der zu einer Abschwéchung defensiver Reaktionen
fiihrt. Es wird vermutet, dass Furchtextinktion zumindest teilweise der Expositionsbehandlung
von Angststorungen zugrunde liegt, sodass eine Erleichterung dieses Lernprozesses die
Effizienz dieser Therapieart steigern konnte. Tiermodelle deuten darauf hin, dass die
Stimulation des Vagusnervs oder der Colliculi Superiores (SC) — eine Mittelhirnstruktur,
welche die visuelle Aufmerksamkeitslenkung steuert — auf die hemmenden Extinktionspfade
abzielt und somit Furchtextinktion beglinstigt. Da unklar ist, ob dhnliche Mechanismen auch
beim Menschen existieren, untersuchte diese Doktorarbeit, wie sich nicht-invasive transkutane
Vagusnervstimulation (tVNS) oder SC-aktivierende Manipulation visueller Aufmerksamkeit

auf die Furchtextinktion auswirken.

Zu diesem Zweck fiihrten wir drei Studien durch, die mehrtdgige Einfach-Reiz
Furchtkonditionierungs- und -extinktionsparadigmen verwendeten. Zunéchst haben wir die
Furchtindikatoren, die in diesen Paradigmen gemessen werden, genauer validiert, indem wir
Defensivreaktionen auf einen konditionierten Reiz auf mehreren Reaktionsebenen gemessen
haben, nachdem dieser Reiz entweder gepaart (Furchtlerngruppe) mit einem aversiven unkon-
ditionierten Reiz (US; ein elektrischer Schock) oder aber explizit ungepaart prasentiert wurde

(Kontrollgruppe; Studie 1). Wéhrend des folgenden Extinktionstrainings am néchsten Tag



wurde entweder tVNS vs. eine Schein-Stimulation appliziert (Studie 1, Studie 2), oder die
Probanden instruiert, Sakkaden (hohe SC Aktivierung) vs. Augenfolgebewegungen (niedrige
SC Aktivierung) zu generieren (Studie 3). In nachfolgenden Sitzungen wurde die
Konsolidierung  der  Extinktion, sowie der Kurz- und Langzeitabruf des

Extinktionsgedéchtnisses getestet (Studie 2, Studie 3).

In der Furchtlerngruppe 10ste der konditionierte Reiz eine erhohte kognitive
Bedrohungserwartung (US-Erwartungsratings), eine stirkere Herzratendezeleration sowie eine
stirkere Potenzierung der Schreckreflexe, im Vergleich zur Kontrollgruppe, aus. Die
Herzratendezeleration korrelierte positiv mit der Schreckreflexpotenzierung, war jedoch von
der Bedrohungserwartung entkoppelt (Studie 1). Die initiale, Kurz- und Langzeitextinktion
dieser Defensivreaktionen wurde durch tVNS auf allen drei Reaktionsebenen begiinstigt
(kognitiv, physiologisch, behavioral; Studie 1, Studie 2). Im Gegensatz dazu begiinstigten
Sakkaden nur die initiale Extinktion physiologischer und behavioraler Komponenten des
defensiven Reaktionsmusters. Die Konsolidierung und der Abruf des Extinktionsgedéchtnisses
war, gemessen an physiologischen und behavioralen Defensivreaktionen, jedoch durch jede

Manipulation von Augenbewegungen beeintriachtigt (Studie 3).

Zusammengenommen deuten die Daten der Versuchsreihe darauf hin, dass konditionierte
Furcht funktionell am besten als ein Zustand attentiver Immobilitit charakterisiert werden kann
—eine Defensivstrategie, die durch unvermeidbare distale Bedrohungen ausgeldst wird und sich
iiber verschiedene Spezies hinweg in dhnlicher Weise in einer Bradykardie und Potenzierung
protektiver Reflexe manifestiert. Dariiber hinaus zeigten wir, dass diese eher automatisierten
Defensivreaktionen unabhingig von berichteter Bedrohungserwartung sind. Wie erwartet,
begiinstigte tVNS die Furchtextinktion auf beiden Ebenen, {ibereinstimmend mit der Annahme,

dass Vagusstimulation kortikale und subkortikale Bahnen aktiviert, die bei Extinktionslernen,
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-konsolidierung und -abruf beteiligt sind. TVNS konnte daher ein vielversprechender Wirkver-
starker fiir die Expositionsbehandlung von Angststorungen darstellen. Im Gegensatz dazu
beeinflusste eine SC-aktivierende visuelle Aufmerksamkeitsmanipulation nur subkortikal-
gesteuerte Defensivreaktionen, libereinstimmend mit Tierbefunden, die anzeigen, dass die SC
spezifisch subkortikale Teile des neuronalen Defensivsystems hemmen. Da der Abruf des
Extinktionsgeddchtnisses jedoch durch jede Art der visuellen Aufmerksamkeitsmanipulation
beeintrichtigt war, fungierte diese scheinbar als Vermeidungsverhalten, das zunichst zwar
Furcht reduziert, aber die Extinktionskonsolidierung und somit eine nachhaltige
Furchtreduktion beeintrichtigt. Beide nicht-invasiven Stimulationstechniken scheinen somit im
Angesicht von Reizen, die nicht ldnger eine Bedrohung anzeigen, die defensive Flexibilitét
initial zu erhdhten, aber nur tVNS kann langfristige Effekte auf mehreren Reaktionsebenen

erzielen.
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1 | Introduction

Fear is an emotional state, grounded in defense circuits in the brain that flexibly encode
threats in the environment and organize defensive responses to efficiently evade harm (Hamm,
2020; Hamm & Flor, 2015; Lang et al., 1997). While these defensive mechanics are generally
adaptive, hyperexcitability of the brain’s defense system may, thus, constrain defensive
flexibility and cause maladaptive, exaggerated defensive responding even towards innocuous
cues (Rosen & Schulkin, 1998). Hence, such hyperexcitability was suggested to mediate the
pathophysiology of anxiety, trauma- and stressor-related disorders, being largely featured by

excessive fear-based symptoms (American Psychiatric Association, 2013; Rauch et al., 2006).

The preferred strategy to treat maladaptive defensive responding and restore defensive
flexibility are exposure-based therapies, during which patients are repeatedly exposed to their
fear-eliciting cues (Bandelow et al., 2016; Craske et al., 2014). Fear extinction learning, i.e.,
learning that a fear cue (“trigger”) is no longer associated with the original threat, is presumed
to be a central mechanism of action underlying the fear-reducing effects of this therapeutic
regimen (Craske et al., 2014; D. Hermans et al., 2006). In fact, fear extinction is grounded in
an inhibition of the brain’s defense system (Tovote et al., 2015). Conversely, the stimulation of

these inhibitory pathways might facilitate extinction and, thus, efficacy of exposure therapy.

The present thesis manuscript aimed at elaborating on how two non-invasive brain
stimulation techniques, that presumably tap into neural extinction pathways, impact on human
fear extinction: Transcutaneous vagus nerve stimulation and visual attentional manipulation. I
will outline, how both techniques differently target these inhibitory neural circuits and discuss
their effects on initial, short- and long-term extinction of defensive responding. Finally, I will
highlight the clinical applicability of both techniques. To this end, the present work beforehand
reviews previous research, which has examined the adaptive mechanics of the defense system

regulating fear, as well as the underlying excitatory and inhibitory neural pathways.
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2 | Defensive flexibility and its neural substrates

From a theoretical perspective, emotions such as fear may be conceived as action
dispositions, that reflect the activation of two opponent motive systems, which evolved across
species and guide behavior to sustain and protect the organism’s life (Lang & Bradley, 2010;
Lang & Davis, 2006). Pleasant emotions like joy reflect the activation of an appetitive motive
system, driving approach responses towards potentially life sustaining stimuli (Lang & Bradley,
2010; Low et al., 2008). Unpleasant emotions like fear, on the other hand, reflect the activation
of a defense motive system, aiming to evade harm by threat and, thus, ensure survival (Lang &
Bradley, 2010; Lang & Davis, 2006). To this end, the defense system orchestrates cognitive
(e.g., feelings of fear and anxiety), physiological (e.g., cardiac acceleration) and behavioral
defensive responses (e.g., flight) in patterns of overarching defense strategies, that may be
broadly separated into defensive immobility (attentive vs. tonic immobility) and defensive
action (fight or flight; Lang et al., 1998; Marks, 1987). Importantly, however, the efficacy of
these strategies to cope with threats depends upon the behavioral options at hand as well as
characteristics of the threat (Marks, 1987), which is why defensive flexibility is a prerequisite
to efficiently evade harm. In both, animals and humans, the defense system therefore adapts the
execution of defense strategies to the availability of escape options and the imminence of threat

(Blanchard & Blanchard, 1989; Fanselow, 1994, 2018; Hamm, 2020; Lang et al., 1997).

2.1 Defensive flexibility: Threat imminence and escape options

Such defensive adaptation has been formalized in the threat imminence or defense cascade
model for animals and humans, respectively (Fanselow, 1994; Lang et al., 1997). Upon
encounters of inevitable but distal threat (e.g., a predator), animals’ chief defense strategy is
attentive immobility, during which the perceived threat cue is monitored while locomotion is

inhibited (freezing), supported by a profound cardiac deceleration (Blanchard & Blanchard,
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1989; Eilam, 2005; Fanselow, 1994; Kalin & Shelton, 1989; Kapp et al., 1979; Lang et al.,
2000; Marks, 1987). At the same time, however, the animal is very responsive to abrupt changes
of the environment — e.g., the startle reflex is potentiated — rendering attentive immobility a
state of vigilant readiness, during which a probably fatal detection by the predator is evaded
(Eilam, 2005; Fanselow, 1994; Hamm, 2020; Leaton & Borszcz, 1985; Marks, 1987; Roelofs,
2017). Attentive immobility, thus, sets the stage for rapid defensive response adaptations in
case the threat imminence increases (e.g., the predator approaches) or an escape option
eventually opens up. In such case, when attentive immobility would likely result in predation,
the defense strategy switches to defensive action, where the animal is beyond vigilance, rather
unresponsive to external stimuli and engaged in fight or flight, supported by a profound cardiac
acceleration (Blanchard & Blanchard, 1989; Cannon, 1929; Eilam, 2005; Fanselow, 1994; Lang
et al., 2000). Intriguingly, these defensive responses seem well preserved in humans: Inevitable
distal threats have shown to evoke reduced body sway, increased attentional processing of the
threat, cardiac deceleration and startle reflex potentiation alongside moderate levels of self-
reported fear (Gladwin et al., 2016; Hamm, 2020; Kolassa et al., 2005; Lang et al., 1997; Low
et al., 2015; Mobbs et al., 2009). Upon increasing threat imminence and available avoidance
options, yet, the defensive pattern is marked by active avoidance behavior, reduced sensory
intake, cardiac acceleration and startle reflex inhibition alongside high levels of self-reported

fear (Hamm, 2020; Lang et al., 1997; Low et al., 2015; Mobbs et al., 2009).

2.2 Defensive flexibility: Fear acquisition

However, defensive flexibility not only involves the adaptation of defensive responses to
threat imminence and escape options, but also the flexible activation of fear towards inherently
innocuous stimuli, that have acquired the attribute of a threat signal (Hamm et al., 1993; Watson

& Rayner, 1920). Such acquisition of fear towards previously innocuous stimuli has primarily
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been investigated by Pavlovian fear conditioning procedures (Lonsdorf et al., 2017). Here, the
organism is in a context (e.g., laboratory environment), where it receives repeated pairings of
an emotionally neutral stimulus (conditioned stimulus, CS; e.g., a visual stimulus) and a
harmful event (unconditioned stimulus, US; e.g., an electric shock; Figure 1; Lonsdorf et al.,
2017; Pavlov, 1927). As a result, the CS, US, and the environmental context are encoded into
an associative fear memory (see Figure 1), representing the predictive value of the CS
concerning an upcoming US (CS = US) in due consideration of contextual aspects (Lonsdorf et
al., 2017; Rescorla & Wagner, 1972). Future encounters of the CS may eventually prompt a
fear memory recall, that evokes an activation of the defense system and, thus, conditioned
defensive responding towards predicted or expected upcoming threat (Hamm & Vaitl, 1996;

Lonsdorf et al., 2017; Pittig et al., 2020; Rescorla & Wagner, 1972).

Naive state Learning experience Fear memory recall
(Before acquisition training) (Acquisition training) (After acquisition training)

Context

Q=7
CS US

Context

L =
Cs

defensive
responding

Conditioned

Trial

Figure 1. Stimulus presentation (upper panel), learned stimulus associations (middle panel) and
conditioned responding (lower panel) before, during and after a fear acquisition training in a
single experimental context. Clouds represent the respectively established memory (naive =

white, fear memory = purple) and incorporate the learned stimulus associations.
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2.3 Defensive flexibility: Fear extinction

Importantly, however, just as defensive flexibility embraces a facilitated fear activation
towards a cue that previously predicted threat, it also comprises a reduction of defensive
responses, if such previously threat-signaling cue no longer predicts any danger. Indeed, such
reduction of defensive responding — referred to as fear extinction — is observed, when the
organism is in a context (e.g., laboratory environment), where it is repeatedly exposed to a
previously threat-signaling stimulus (CS) that is no longer followed by an aversive outcome

(US; see Figure 2; Dunsmoor et al., 2015; D. Hermans et al., 2006; Myers & Davis, 2002).

Pavlov, who first described this phenomenon nearly a century ago, has considered an
“internal inhibition” the underlying mechanism of extinction, by which the previously
established conditioned responses are disrupted (Dunsmoor et al., 2015; Pavlov, 1927).
Contemporary research captures this view and presumes that fear extinction — similarly to fear
conditioning — is founded in a context-specific associative learning process (fear extinction
learning), that leads to an inhibition of the defense system regulating fear (Bouton, 2014;
Dunsmoor et al., 2015). Specifically, repeated prediction errors (CS # US) are suggested to
drive active encoding of the CS, US-omission and contextual information into a new associative
extinction memory, representing the reduced predictive value of the CS concerning upcoming
danger (CS = US-omission), again in due consideration of the contextual aspects (Bouton, 2014;
Bouton & Woods, 2008; Dunsmoor et al., 2015). Future encounters of the previously threat-
signaling CS may consequently prompt a recall of this extinction memory, which inhibits the
concomitant activation of the original fear memory trace (Bouton, 2004; Craske et al., 2014;
Dunsmoor et al., 2015). In this view, extinction is therefore no “forgetting” of the original fear
memory. Rather, fear is still installed and extinction recall may be good or poor depending on
the balance of extinction against fear memory (see Figure 2, 3; Dunsmoor et al., 2015; Quirk

& D. Mueller, 2008).
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Fear memory recall Learning experience Extinction memory recall
(After acquisition training) (Extinction training) (After extinction training)

Context Context Contex

CS US CS US

Poor recall

Good recall I
m]

Figure 2. Stimulus presentation (upper panel), learned stimulus associations (middle panel) and

Conditioned
defensive
responding

Trial

conditioned responding (lower panel) before, during and after a fear extinction training in a
single experimental context. Clouds represent the respectively established memory (fear
memory = purple, extinction memory = green) and incorporate the learned stimulus

associations.

Supporting this view, fear may rapidly return if the original fear memory is — even only
partly — reactivated: Both another CS-US pairing and even a sole re-experience of the US have
shown to result in reacquisition or reinstatement of fear, respectively (Figure 3; Haaker et al.,
2014; Hollandt et al., 2020; Lonsdorf et al., 2017). On the other hand, however, fear may also
return if the inhibitory impact of extinction memory is attenuated, e.g., by contextual shifts due
to extinction’s contextual specificity: Fear renewal is observed if extinction memory is recalled
in a context that differs from the environment of initial extinction learning (Effting & Kindt,
2007), while spontaneous recovery of fear may specifically result after a temporal contextual

shift, i.e., if time passed after the extinction training (Figure 3; Baum, 1988; Bouton, 2014;
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Myers & Davis, 2002). Thus, although extinction may reduce inappropriate defensive
responses, such flexible inhibition of the defense system is far more fragile and transient
compared to well-conserved fear activation (Dunsmoor et al., 2015; Solomon & Wynne, 1954).
Concerning defensive flexibility, fear activation is hence adaptively prioritized over extinction
to avoid a potentially fatal misinterpretation of threat-signals as innocuous — anecdotally
referred to as “better safe than sorry” approach — which is why only well-consolidated
extinction memory may lead to long-term fear reduction (Dunsmoor et al., 2015; D. Mueller &

Cahill, 2010; Quirk & D. Mueller, 2008; Van den Bergh et al., 2021).

Reacquisition Reinstatement Renewal Spontaneous recovery
(After CS-US pairing) (After sole US) (After context switch) (After passage of time)

/7

(" Context Context ) Context ) Context )
o= o= (@
_ CS US US ) CS US ) CS US )

¥ ¥ ¥ ¥

Poor extinction recall (return of fear)

Extinction memory

Fear memory

Figure 3. Stimulus presentation (upper panel) and experiences (middle panel) that may lead to
poor recall of extinction memory (return of fear): Reacquisition (after another CS-US pairing),
reinstatement (after re-experiencing solely the US), renewal (after contextual switches) or
spontaneous recovery (after the passage of time). Lower panel: Dominance of fear (purple

cloud) over extinction memory (green cloud) after the respective experiences.
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2.4 The neural site of defensive flexibility: The brain’s defense system

In the past decades, fear conditioning and extinction protocols have extensively been used
to study the neural substrates that underlie the fear-regulating defense system as well as its
inhibition, pinpointing to partially independent, yet reciprocally connected brain regions (Lang
& Bradley, 2010; LeDoux & Brown, 2017; Tovote et al., 2015). The sensory interface of the
defense system has been located on a subcortical level: The basolateral complex of the
amygdala (BLA), comprising a lateral (LA) and basal nucleus (BA), receives threat-related
sensory information by cortical and thalamic fibers (Davis & Whalen, 2001; Lang & Bradley,
2010; LeDoux & Daw, 2018; Tovote et al., 2015). The output site, yet, is the central nucleus of
the amygdala (CeA), which receives threat-related information from the LA, directly or
indirectly via the BA and intercalated cells (ITC), and orchestrates behavioral, autonomic and
endocrine defensive responses (Figure 4; Davis & Whalen, 2001; Duvarci & Pare, 2014;
LeDoux & Daw, 2018). In contrast to these subcortically mediated threat adaptations, feelings
of fear are suggested to emerge from the activity of a general network of cognition (GNC),
which embraces the posterior parietal, cingulate and frontal cortex as well as the insula (Figure

4; LeDoux, 1995; LeDoux & Brown, 2017).

2.4.1 Neural adaptation to threat imminence and escape options

In line with behavioral observations, the activation of these defensive circuits adapts to
threat imminence and escape options to allow a flexible execution of defense strategies, if harm
can thus be evaded more efficiently. At this, switching between defensive immobility and
defensive action has found to be grounded in different subsets of CeA neurons (Fadok et al.,
2017), which presumably project to different anatomical targets, e.g., the ventrolateral
periaqueductal gray for behavioral immobility and the dorsolateral periaqueductal gray for

fight/flight (Figure 4; LeDoux & Daw, 2018; Roelofs, 2017; Tovote et al., 2016).
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General network of cognition (GNC) mediating feelings of fear

Lateral Cortex

Medial Cortex

Sensory systems Defensive circuitry and downstream targets Brain & body responses
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Figure 4. Upper panel: Brain areas mediating feelings of fear. Lower panel: Neural circuitry
mediating behavioral and physiological defensive response patterns. Purple lines depict neural
projections mediating defensive responding, while green lines depict neural projections
mediating extinction of defensive responding. Note that the LA and BA combine to the
basolateral complex of the amygdala, shaded dark gray in the figure. [Adapted and modified
from Davis & Whalen (2001), Ledoux & Brown (2017), LeDoux & Daw (2018) and Tovote et

al. (2015)].
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2.4.2 Neural adaptation during fear acquisition

While the CeA therefore plays a pivotal role in adjusting defensive output, the basolateral
amygdala is the critical site that adapts general fear activation to environmental conditions, e.g.,
towards stimuli that had acquired a threat-signaling effect via fear conditioning (Tovote et al.,
2015). At this, sensory information about a conditioned threat-signal (CS) and an unconditioned
threat (US) converge in the BLA (Figure 4; LeDoux & Daw, 2018). Here, repeated CS-US
pairings increase firing and long-term excitability in a population of dedicated “fear” neurons,
which ultimately facilitates fear activation by the CeA during CS encounters (Herry et al., 2008;
Nabavi et al., 2014; Rogan et al., 1997; Sah & Westbrook, 2008; Senn et al., 2014; Tovote et
al., 2015). Both the prelimbic prefrontal cortex and the hippocampus project to these “fear”
neurons (Figure 4; Milad & Quirk, 2012; Senn et al., 2014). However, while the prelimbic
cortex thereby mediates the recall of fear memory, the hippocampus relays additional
contextual information that facilitates fear activation, e.g., whether the CS is likely to predict
threat in the given environment (Herry et al., 2008; LeDoux, 1995; LeDoux & Daw, 2018;

Milad & Quirk, 2012; Ramirez et al., 2013; Tovote et al., 2015).

2.4.3 Neural adaptation during fear extinction

Yet, the BLA is not only essential to regulate fear activation towards previously threat-
predicting cues, but is also the critical site of fear extinction (Tovote et al., 2015). Here, the
activity and long-term excitability in a population of dedicated “extinction”” neurons is ramped
up, which inhibit fear activation by the CeA during CS encounters — presumably by way of
indirect projections via inhibitory intercalated cells (Figure 4; Amano et al., 2010; Duvarci &
Pare, 2014; Herry et al., 2008; Likhtik et al., 2008; Sah & Westbrook, 2008; Senn et al., 2014;
Tovote et al., 2015). Both the infralimbic region of the ventromedial prefrontal cortex (vmPFC)

and the hippocampus project to these “extinction” neurons (Figure 4; Milad & Quirk, 2012;
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Senn et al., 2014). However, while the vmPFC thereby mediates the recall of extinction memory
(in addition to directly activating intercalated cells), the hippocampus conveys contextual
information that dampens fear activation — e.g., whether the CS is likely to signal the omission
of threat in the given environment (Jinzhao & Maren, 2007; LeDoux, 1995; Likhtik et al., 2008;
Maren et al., 2013; Milad & Quirk, 2012; Quirk et al., 2000; Sah & Westbrook, 2008; Senn et
al., 2014; Tovote et al., 2015; see also E. M. Mueller et al., 2014). At last, it is the balance
between “extinction” and “fear” neuron activation in the BLA that determines the activation of
the CeA and, thus, defensive output on targeted central and peripheral systems (see Figure 4;

Herry et al., 2008; Senn et al., 2014; Tovote et al., 2015).

2.5 Increasing defensive flexibility by non-invasive brain stimulation

However, as mentioned above, the defense system not only targets these systems to regulate
defensive output, but also receives information by them (Lang & Bradley, 2010). Intriguingly,
such reciprocal connection exists between extinction pathways and the autonomic nervous
system, which is why extinction may impact on autonomic arousal (e.g., reduced arousal
towards previously threat-predicting cues; Vervliet et al., 2004), just as autonomic arousal may
in turn impact on extinction (Giustino & Maren, 2018; D. Mueller & Cahill, 2010). In fact, the
release of peripheral adrenaline in arousing situations evokes increased noradrenergic
transmission in both the BLA and vmPFC, which improves extinction learning, consolidation
and recall presumably by facilitating the underlying neural changes (Berlau & McGaugh, 2006;
Duvarci & Pare, 2014; Duvarci & Paré, 2007; Giustino & Maren, 2018; Mclntyre et al., 2012;
D. Mueller & Cahill, 2010). The vagus nerve — a cranial nerve acting as a major autonomic
communication route between the body periphery and the brain — has shown to be a critical

element mediating this arousal effect (Berthoud & Neuhuber, 2000; McIntyre et al., 2012).
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Eighty percent of the vagus nerve are sensory fibers, transporting information about the
activity of the inner body to the brain, while only twenty percent are efferent fibers regulating
this activity (Berthoud & Neuhuber, 2000; Foley & DuBois, 1937; Henry, 2002; Nemeroff et
al., 2006; Silvani et al., 2016; Thayer & Sternberg, 2006). Peripheral adrenaline activates these
sensory vagal fibers, which feed forward the activation via the nucleus tractus solitarius in the
brainstem to the primary hub of noradrenaline in the brain — the locus coeruleus — which
ultimately increases noradrenergic transmission in the BLA and vmPFC (see Figure 5; Jones
et al., 1977; Mclntyre et al., 2012; Miyashita & Williams, 2004, 2006; see McGaugh, 2018 and

D. Mueller & Cabhill, 2010).

Novel approaches have attempted to mimic the effects of peripheral arousal on extinction
whilst circumventing the necessity of actual arousal, by invasively stimulating the vagus nerve
(1IVNS; Figure 5): In fact, iVNS enhanced (noradrenergic) transmission in the BLA and vimPFC
in animals (Follesa et al., 2007; George et al., 2000; Hassert et al., 2004; MclIntyre et al., 2012;
Nemeroff et al., 2006; Pena et al., 2014), and promoted extinction learning and recall: The
decrease in behavioral freezing and startle potentiation in the face of a previous threat-signal
(CS) was significantly faster and long-lasting in vagally stimulated rodents compared to sham-

stimulated control animals (Noble et al., 2017, 2019; Pena et al., 2013, 2014).

However, the vagus nerve is not the only route, by which peripheral events may impact on
the brain’s extinction pathways. A further reciprocal connection has been identified between
the amygdala and neural systems mediating visual attention (Figure 5; Gallagher & Holland,
1994; Koller et al., 2019; Ohman, 2005; Ohman et al., 2007; Vuilleumier, 2005). As a result,
extinction may impact on attentional processes (e.g., disengagement from previously threat-
predicting cues; Muench et al., 2016; Van Damme et al., 2006), just as attentional processes

may in turn impact on extinction (see Barry et al., 2016; Panitz et al., 2019).
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Figure 5. Neural pathways, by which vagal stimulation or visual attentional manipulation are

suggested to impact on the brain’s extinction network

In particular, diverting attention from previously threat-predicting cues has shown to foster
the inhibition of fear responses, when they are no longer appropriate to the situation, which is
likely driven by promoted disengagement from threat and, thus, attenuated fear activation
(Badura-Brack et al., 2015; Barry et al., 2015; Podina et al., 2013). A critical relay underlying
this effect might be the superior colliculus (SC) in the midbrain, that decodes salient stimuli,
guides visual attention and has shown to indirectly project to the BLA via the mediodorsal
thalamus (see Figure 5; Anderson & Rees, 2011; Baek et al., 2019; Herry & Garcia, 2002;

Krauzlis, 2004; Krauzlis et al., 2013; Lee & Shin, 2016; Leigh & Zee, 2015; Miiller et al., 2005;
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Oyoshi et al., 1996; Sommer & Wurtz, 2006, 2004; White et al., 2017). Accordingly, it was
suggested that SC-projections might gate threat-related sensory input from the thalamus to the
BLA and, thus, inhibit fear activation when attention is diverted from previous threat-signals
(Baek et al., 2019). Recent animal research tested this hypothesis and found, that alternating
bilateral visual stimulation (a moving light) during the presentation of a previously threat-
predicting tone in fact increased SC-activity, which evoked an inhibition of “fear” cell activity
in the basolateral amygdala via a modulation of mediodorsal thalamic inputs (Figure 5; Back
et al., 2019). As a result, the decrease in behavioral freezing was significantly faster and long-

lasting in SC-stimulated rodents relative to sham-stimulated control animals (Baek et al., 2019).

As both vagal stimulation and SC-recruiting visual attentional manipulation were capable
to facilitate fear extinction, these techniques might be highly relevant for clinical practice
(Milad et al., 2014): Extinction is considered one central mechanism underlying exposure-based
treatment of anxiety, trauma- and stressor-related disorders, as during such regimen repeated
fear cue exposures prompt learning, that a fear-eliciting cue is no longer associated with actual
threat (Bandelow et al., 2016; Craske et al., 2014; Craske & Mystkowski, 2006; Heinig et al.,
2017; Pittig et al., 2016, 2021; Richter et al., 2017; Scheveneels et al., 2016; Vervliet et al.,
2013). Techniques that facilitate extinction might, hence, serve as promising treatment
adjuvants to promote exposure therapy, i.e., increase responding to treatment and reduce the
likelihood of relapses after the treatment (Craske et al., 2014; Heinig et al., 2017; Pittig et al.,
2021). Especially concerning that extinction deficits are prevalent in anxiety, trauma- and
stressor-related disorders and are viewed a risk factor for non-responding to treatment and
return of fear, a facilitation of such inhibitory learning process appears even more important to
cope with the hyperexcitability of the brain’s defensive system, that is suggested to mediate the
pathophysiology of these disorders (Craske & Mystkowski, 2006; Duits et al., 2015; Koenigs
& Grafman, 2009; Lissek et al., 2005; Milad et al., 2009; Rauch et al., 2006; Rosen & Schulkin,

1998; Vervliet et al., 2013).
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As potential facilitators of defensive response inhibition and exposure therapy, vagal
stimulation and SC-recruiting visual attentional manipulation have accordingly started to gain
increasing attention in human research as well (Cimpianu et al., 2016; George et al., 2000; Phaf
et al., 2021). In human research, vagal activation is usually achieved by a non-invasive
stimulation technique — transcutaneous vagus nerve stimulation (tVNS) — which refers to the
electrical excitation of the auricular branch of the vagus nerve at the ear’s cymba conchae,
describing an exclusively vagally innervated skin area (Figure 5; Ellrich, 2011; Frangos et al.,
2015; Peuker & Filler, 2002). On the other hand, SC-recruiting visual attentional manipulation
may be operationalized by inducing saccadic eye movements, which directly tap into the SC
(Krauzlis, 2004; Krauzlis et al., 2013; Leigh & Zee, 2015). In spite of the promising animal
research, however, evidence indicating that tVNS or SC-recruiting visual attentional
manipulation facilitates fear extinction in humans is scarce (see Burger et al., 2016, 2017, 2018;
Genheimer et al., 2017), despite tVNS has already proven to evoke comparable changes in
neural activity as its invasive counterpart (Ellrich, 2011; Frangos et al., 2015; Ventura-Bort et

al., 2018, 2021)

Thus, the major aim of the current research project was to investigate the initial, short- and
long-term effects of tVNS and SC-recruiting visual attentional manipulation on human fear
extinction. On a longer run, the findings of the present dissertation may, thus, shed a light on
the capacity of both tVNS and SC-recruiting visual attentional manipulation to promote flexible
defensive response adaptation in the face of stimuli that no longer predict danger and may

therefore help to evaluate both techniques as treatment adjuvants to promote exposure therapy.
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3 | Facilitating fear extinction by non-invasive brain stimulation

The current research project followed up on previous human studies that endeavored a
cross-species transfer of facilitated extinction by vagal stimulation, which was, however, only
partly successful (Burger et al., 2016, 2017, 2018): While tVNS facilitated the extinction in
cognitive indices of defensive activation, behavioral indices and the recall of extinction memory
remained unaffected, which is in stark contrast to previous animal research (see Noble et al.,
2017, 2019; Pefia et al., 2013, 2014). Importantly, however, these human studies tested the
effects of vagal stimulation by using a differential conditioning paradigm, which requires more
complex discriminative learning processes between two conditioned stimuli [one paired (CS+)
and the other unpaired (CS-) with the US during fear acquisition] and also targets different
neural circuitry compared to single-cue conditioning and extinction designs, that were used in
the animal model (Carew et al., 1983; Knight et al., 2004; Lonsdorf et al., 2017; Noble et al.,
2017,2019; Pefia et al., 2013, 2014). This might be one reason for the hampered transferability
of results and, thus, harmonizing methodology might be very important, if fear extinction

enhancement by brain stimulation techniques is tested across species (Haaker et al., 2019).

This applies to the use of a comparable learning task. In the dissertation research program,
we therefore tested the impact of non-invasive brain stimulation on fear extinction by
conducting three studies that used a multiple-day single-cue fear conditioning and extinction
paradigm, closely adapted to animal research (Szeska et al., 2020, 2021, under review). Here,
a single CS (e.g., a visual geometric figure or acoustic 1000 Hz sine tone), was paired with an
aversive US (a shock) during acquisition training in one group (the fear learning group), while
the CS and US were presented explicitly unpaired in the other group (the control group).
Learning effects are then tested in a between group comparison (see Lonsdorf et al., 2017;
Rescorla, 1967). During the following extinction training and extinction recall phases, the CS

is finally presented without the administration of the US (Lonsdorf et al., 2017).
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Moreover, harmonizing methodology also applies to choosing those behavioral and
physiological indicators of fear that are comparable across different mammals (Haaker et al.,

2019).

3.1 Attentive immobility in the face of inevitable distal threat

In non-human animal research that examined fear extinction and extinction enhancement
by brain stimulation, learned fear is indicated by a defensive response pattern that embraces
expressions of attentive immobility — the chief defense strategy towards cues signaling
inevitable threats, such as the CS in fear conditioning (Baek et al., 2019; Fanselow, 1994; Lang
& Bradley, 2010; Noble et al., 2017, 2019; Pefia et al., 2013, 2014). At this, changes in
associated behavioral freezing towards a conditioned cue serve as primary read-out of learned
fear (Baek et al., 2019; Noble et al., 2017, 2019; Pefa et al., 2013, 2014). However, conditioned
fear in animals is also often measured by two other indices, that have been associated with
attentive immobility and indeed correlate to behavioral freezing: the fear potentiated startle and
fear bradycardia (Gewirtz et al., 1997; Haaker et al., 2019; Plappert et al., 1993; Walker &
Carrive, 2003). While the fear potentiated startle describes the facilitation of the protective
startle reflex, fear bradycardia refers to a profound cardiac deceleration, both of which are
reliably observed when animals process a threat-signaling CS (Brown et al., 1951; Campbell et
al., 1997; Haaker et al., 2019; Landis & Hunt, 1939; Lang & Davis, 2006; Leaton & Borszcz,
1985; Plappert et al., 1993; Walker & Carrive, 2003). As both defensive responses are also
modulated by the central nucleus of the amygdala, they have accordingly been viewed as
respective behavioral and physiological read-outs of fear activation in animals (see Figure 4;
Davis, 2006; Hamm, 2015; Kapp et al., 1979; Kuhn et al., 2019; Roelofs, 2017; Walker &

Carrive, 2003; Weike et al., 2005).
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In human conditioning research, where CSs also signal inevitable distal threats, the
conditioned response pattern accordingly embraces expressions of attentive immobility,
including the fear potentiated startle and fear bradycardia (Gladwin et al., 2016; Haaker et al.,
2019; Hagenaars et al., 2014; Hamm, 2020; Hamm et al., 1993; Kuhn et al., 2019; Lonsdorf et
al., 2017). However, while human research hence interpreted startle potentiation as a
translational index of fear, this was not the case for cardiac deceleration: Instead, it has been
argued for a long time that a decrease in heart rate reflects increased orienting towards the CS
rather than conditioned fear, as it has been observed to emotionally neutral but significant
stimuli as well (Graham, 1979; Graham & Clifton, 1966; Lonsdorf et al., 2017). However, if
conditioned fear in humans is conceived as a cross-species instance of attentive immobility,
which has been incent by Lang and colleagues (1997, 2000), fear and orienting are not mutually
exclusive. Rather, conditioned fear may then be conceptualized as state of anxious
apprehension that is critically featured by increased orienting towards a CS that signals
inevitable distal threat, which is why cardiac deceleration might in fact index both emotion and

attention (Bradley, 2009; Muench et al., 2016; Panitz et al., 2015).

In the first publication of the dissertation research program, we tested such hypothesis that
conditioned fear in humans is conceivable as a cross-species instance of attentive immobility
in order to get a more thorough understanding of the conditioned responses, whose extinction
might be facilitated by non-invasive brain stimulation (Szeska, Richter, Wendt, Weymar and
Hamm, 2021). In this study, we used a single cue fear conditioning paradigm and compared the
coupling of cardiac deceleration and startle potentiation, evoked by a visual CS either signaling
an aversive US (fear learning group) or not (control group). On the one hand, we expected a
close coupling between cardiac deceleration and startle potentiation, as both responses have
served as primarily subcortically mediated indices of attentive immobility in animals (see
Figure 4; Hamm, 2020). In contrast, we expected (if at all) only a moderate correspondence

between these subcortically mediated threat adaptations and more cognitive indices like the
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declarative knowledge of CS-US contingencies (US-expectancy ratings), that reflects cognitive
risk assessment as an antecedent of cortically mediated feelings of fear (LeDoux, 1995; LeDoux

& Brown, 2017; Reisenzein, 2009).

In line with previous research (Hollandt et al., 2020), Szeska and colleagues (2021) found
increased US-expectancy and startle reflex potentiation in the fear learning group relative to
controls during the acquisition training. As was expected, cardiac deceleration was found in
response to the motivationally significant threat-signaling CS (fear learning group) and to a
safety-signaling CS (control group), but was more pronounced during the threat signaling CS
in the fear learning group. Intriguingly, this stronger bradycardia was positively correlated to
subcortically mediated startle potentiation, but was decoupled from cortically mediated US-

expectancy ratings.

In contrast to previous views in human fear conditioning research (for a review see Lonsdorf
et al., 2017), the data therefore indicate that cardiac deceleration is a valid index of attention
and emotion in humans — more specifically, a primarily subcortically mediated index of
attentive immobility similar to the fear potentiated startle (Bradley, 2009; Bradley et al., 2018;
Lang et al., 1990). This view is in line with previous findings, showing that fear bradycardia,
startle potentiation and behavioral immobility are jointly modulated by projections from the
CeA to the ventrolateral periaqueductal gray and, therefore, highly interrelated during threat
processing (Gladwin et al., 2016; E. J. Hermans et al., 2013; Kuhn et al., 2019; Leaton &
Borszcz, 1985; LeDoux et al., 1988; Plappert et al., 1993; Walker & Carrive, 2003). Moreover,
these findings are also supported by evidence from behavioral genetics, showing that the short-
allelic variant of the 5-HTTLPR (serotonin transporter-linked polymorphic region) — a
polymorphism linked to increased connectivity between amygdala and the periaqueductal gray
— is also associated with both increased fear bradycardia and fear potentiated startle (Lonsdorf

et al., 2009; Schipper et al., 2019). Importantly, however, cognitive indices of defensive



30

response activation seem (at least partly) independent from such closely coupled low-level
indices of attentive immobility, which suggests that such cognitive indices are mediated by
processes that are partially independent from those mediating low-level behavioral and
physiological defensive responding (Hollandt et al., 2020; Lang et al., 1983). Future research
should therefore use such multi-level approaches for a thorough investigation of fear, also
allowing a disentanglement of anxious apprehension as a reflection of attentive immobility,
marked by cardiac deceleration and startle potentiation, from anxious apprehension as a
reflection of defensive action, that is associated with cardiac acceleration and startle inhibition
(Low et al., 2015). This is relevant for psychophysiological research, aimed at assessing mental
processes by physiological and behavioral responses (Hamm, 2020). The most important
implication that we draw from this study, however, is for basic science: In line with Lang’s
view (1997, 2000), the data indicate that conditioned fear in humans is conceivable as a cross-

species instance of attentive immobility (Eilam, 2005; Marks, 1987; Walker & Carrive, 2003).

Following up on these basic paradigmatic findings we used a single-cue conditioning design
to further investigate, whether extinction of behavioral and physiological indicators of attentive

immobility and cognitive risk assessments could be modified by non-invasive brain stimulation.

3.2 Facilitated extinction by transcutaneous vagus nerve stimulation

In the second publication of the dissertation research program, we used the single-cue fear
conditioning and extinction paradigm, that is described above, and tested the capacity of tVNS
to facilitate extinction of low-level indices of attentive immobility (cardiac deceleration, startle
potentiation) and cognitive risk assessments. To this end, participants first underwent an
acquisition training, during which participants of the fear learning group received paired
presentations of a visual CS and an aversive US, while the control group received unpaired

presentations of both stimuli. Twenty-four hours later, both groups underwent an extinction



31

training. Here, tVNS was applied randomized and sham-controlled: Respective halves of the
fear learning and control group received active stimulation of the left vagally innervated cymba
conchae (tVNS) or a stimulation of the left non-vagally innervated earlobe (sham stimulation;
Burger et al., 2016; Peuker & Filler, 2002). Extinction recall was tested after 24 hours and four
weeks, which allowed the examination of short- and long-term effects of tVNS. Additionally,
resistance of extinction memory against reinstatement of fear and, thus, extinction memory
consolidation was tested during recall phases by non-signaled US presentations (Haaker et al.,
2014). Based on previous animal findings (Noble et al., 2017, 2019; Pena et al., 2013, 2014),
we expected that tVNS would facilitate initial extinction learning, but also short- and long-term

extinction recall and additionally prevent a reinstatement of fear.

The data by Szeska and colleagues (2020, 2021) demonstrated specific fear extinction
during the initial extinction training, indicated by stronger decreases in the measured defensive
responses in the fear learning relative to the control group. As expected, tVNS promoted this
process, as US-expectancy, fear bradycardia as well as the fear potentiated startle decreased
more strongly and the coupling between the latter two indicators of attentive immobility was
reduced (Szeska et al., 2020, 2021). For both expectancy ratings and fear bradycardia, such
promoted defensive response inhibition rapidly established right at the beginning of the
extinction training (Szeska et al., 2020, 2021), in line with previous reports of rapid vagally
mediated anxiolytic effects that add to enhancement of learning processes (Noble et al., 2019).
This tVNS-promoted attenuation of fear bradycardia did not result from elevated levels of
sympathetic arousal, as indexed by skin conductance, suggesting that this effect may indeed
reflect inhibition of vagal efferent output due to a central inhibition of the defensive pathways
mediating fear bradycardia (see Figure 4; Szeska et al., 2021). Although inhibitory effects were
not as rapid for startle potentiation, it was completely abolished at the end of extinction training
in fear learning group subjects receiving tVNS, while startle potentiation was maintained

throughout entire extinction in the sham condition, indicating that tVNS facilitated extinction
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learning as well (Szeska et al., 2020). Although at the beginning of both short- and long-term
recall phases extinguished fear spontaneously recovered to a similar level in both stimulation
conditions of the fear learning group, as indexed by increased US-expectancies and startle
potentiation, subsequent extinction of these measures was also significantly facilitated in tVNS
subjects (Szeska et al., 2020). Finally, reinstatement of fear, indicated by increases in risk
assessments and startle reflexes during CSs and ITIs, was attenuated on the behavioral level

(startle potentiation) by tVNS (Szeska et al., 2020).

The results suggest that tVNS is capable to promote defensive flexibility in the face of
stimuli that no longer signal danger, as it yields rapid anxiolytic effects, but most importantly
facilitates fear extinction learning, consolidation as well as short- and long-term recall of
extinction memory, persisting for at least four weeks. Concerning facilitated extinction learning
by tVNS, the data corroborate the view that vagal projections activate the brain’s extinction
pathways and, upon stimulation, foster inhibition of maladaptive defensive responding (Follesa
et al., 2007; Hassert et al., 2004; McGaugh, 2018; D. Mueller & Cahill, 2010; Noble et al.,
2017, 2019; Pefia et al., 2013, 2014). Concerning the beneficial effects of tVNS on extinction
consolidation and recall, the results are also in line with previous evidence indicating that vagal
signaling may be crucial for the establishment of emotional memory, extending this conception
to fear extinction memory (Sellaro et al., 2018; Ventura-Bort et al., 2018, 2021). Most
importantly, however, given that extinction was enhanced on multiple levels of expression
(cognitive, physiological, behavioral), the results not only line up with studies indicating
vagally mediated promoted cognitive flexibility (Fischer et al., 2018; Steenbergen et al., 2015),
but also mark the first cross-species transfer of animal stimulation research, showing promoted

extinction of low-level attentive immobility (Noble et al., 2017, 2019; Pefia et al., 2013, 2014).

From a perspective of translational fear research, the results are of particular importance, as

they support the notion that harmonizing cross-species methodology — in this case by using
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single-cue designs — leads to stronger comparability and reproducibility of results (Haaker et
al., 2019). In turn, given that previous human research partly failed to reproduce animal findings
(Burger et al., 2016, 2017, 2018), the results therefore raise the question whether methodology

diverging from animal research qualifies for cross-species translational fear research.

Most importantly, however, from a clinical perspective, the results help to evaluate tVNS
as an adjunct for extinction-based exposure therapy of anxiety, trauma- and stressor-related
disorders (Craske et al., 2014; D. Hermans et al., 2006). In fact, the data imply that tVNS may
boost responding to exposure therapy by both anxiolytic effects and enhancement of learning
processes, rapidly affecting cognitive and physiological fear indices, and may additionally
promote the stability of cognitive and behavioral fear reduction. Thus, tVNS may serve as a
treatment add-on, that targets the brain’s defense system to cope with disorder-related deficits
in extinction learning (Duits et al., 2015; Lissek et al., 2005) that may contribute to non-
responding and relapses after treatment (Craske & Mystkowski, 2006; Duits et al., 2015; Lissek
et al., 2005; Vervliet et al., 2013). However, as vagal stimulation fosters emotional memory in
general (Ventura-Bort et al., 2021), tVNS might need to be used cautiously during treatment,

as consolidation of aversive memories during exposure might be facilitated just as well.

3.3 Facilitated extinction by visual attentional manipulation

In contrast to vagal stimulation, visual attentional manipulation is already used as an
adjuvant for the treatment of post-traumatic stress disorder to facilitate exposure effects. This
therapeutic approach is referred to as eye movement desensitization and reprocessing (EMDR)
and requires the patient to follow a moving object with the eyes (e.g., the therapists finger)
during in-sensu exposure to trauma-related, fear-eliciting memories (Chen et al., 2014; Landin-

Romero et al., 2018; Shapiro, 1989). Interestingly, this therapeutic regimen might therefore tap
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into the inhibitory SC-BLA pathway suggested by animal research, by which visual attentional
manipulation boosts long-term extinction of attentive immobility (Baek et al., 2019).

In the third publication of the dissertation research program (Szeska, Mohrmann & Hamm,
under review), we tested whether a such mechanism may be translated to humans, by using the
above described single-cue conditioning and extinction design. First, participants underwent an
acquisition training, during which they received paired presentations of a tone CS and an
aversive US. Twenty-four hours later, they underwent an extinction training, during which the
activity of the SC was modulated by the manipulation of eye movements. It is well established,
that the SC is activated more strongly during the generation of saccadic eye movements relative
to smooth eye pursuits (Krauzlis, 2004; Leigh & Zee, 2015). Hence, to contrast effects of high
vs. low activation of the SC on extinction, half of the participants were instructed to generate
saccadic eye movements, while the other half executed smooth eye pursuits during CS
presentations for control purposes, which was verified by an electrooculogram. Extinction
recall was tested after 24 hours and after one week. Resistance of extinction memory against
reinstatement of fear was, again, tested by non-signaled US presentations during recall phases.

The data by Szeska and colleagues (under review) showed extinction of conditioned fear,
as indicated by decreasing US expectancy, cardiac deceleration and startle potentiation.
However, extinction of low-level indices of attentive immobility was particularly pronounced
in the saccadic eye movement condition, indicated by stronger decrease of the startle
potentiation and, to a lesser extent, cardiac deceleration. Most importantly, higher saccadic
accuracy and range, linked to broader and prolonged SC activation (Goossens & van Opstal,
2012; Leigh & Zee, 2015; Waitzman et al., 1988), correlated to extinction of the fear potentiated
startle. As such promoted defensive response inhibition established rapidly, it may be
considered evidence for rapid anxiolytic effects of eye movement desensitization, which are
often reported in clinical EMDR practice (see Landin-Romero et al., 2018). However, as startle

potentiation was abolished at the end of the extinction training in the saccadic, but not the
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smooth eye pursuit condition, the data indicate that SC-recruiting visual attentional
manipulation indeed fostered fear extinction learning as well. Both findings support a critical
role of the SC in the inhibition of fear. However, extinguished behavioral and physiological
indicators of attentive immobility strongly recovered in both eye movement conditions during
the extinction recall 24 hours later and, for startle potentiation, even reached levels obtained
after fear conditioning, indicating that extinction memory could not be recalled. No differences
between eye movement groups were observed with respect to the long-term extinction recall or
the reinstatement of fear, as well as in US-expectancy throughout the entire experiment.

The data by Szeska and colleagues (under review), suggest that SC-recruiting visual
attentional manipulation facilitates initial extinction of low-level attentive immobility, in line
with findings from the animal model (Baek et al., 2019). The data therefore support rodent
research’s notion (Baek et al., 2019), that a subcortical inhibitory SC-BLA pathway might in
fact underlie fear reducing effects of EMDR in humans, yielding the implication for clinical
practice, that saccadic eye movements may be more efficient to achieve therapeutic success
compared to smooth eye pursuits, which are conflictingly employed just as common (Stickgold,
2002). However, as SC-recruiting visual attentional manipulation had no impact on cognitive
risk assessments, results also indicate that the effects of eye movement desensitization, that are
mediated by the subcortical SC-BLA pathway, are limited to low-level defensive responses and
do not impact on cognitive indices of defensive activation. EMDR effects on feelings of fear
(see Landin-Romero et al., 2018) might therefore not be attributed to the proposed SC-BLA
pathway. Most critically and contrary to rodent findings (Baek et al., 2019), extinction recall
was not facilitated, but impaired after any type of eye movement manipulation. Thus, it may be
likely that attentional manipulation acted as avoidance strategy (Lovibond et al., 2009; Pittig,
2019; Vervliet & Indekeu, 2015; Wong & Pittig, 2021) interfering with the consolidation of
extinction memory on a subcortical level. For clinical practice, this may imply that EMDR

might indeed facilitate initial fear reduction, but at the cost of long-term treatment outcome.
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4 | Summary and future directions

This work summarized research, that explored the impact of transcutaneous vagus nerve
stimulation (tVNS) and visual attentional manipulation recruiting the superior colliculus (SC)
on the extinction of conditioned fear in humans. We provided evidence, that conditioned fear
in humans may be conceived as a cross-species instance of attentive immobility — a defensive
response pattern evoked by inevitable distal threat, characterized by concordant increases in
subcortically mediated cardiac deceleration and startle reflex potentiation and discordant
elevations in cortically mediated threat expectancy. TVNS facilitated extinction of both cortical
and subcortical defensive responses, while SC-recruiting visual attentional manipulation only
affected the latter low-level indices of defensive activation. TVNS also promoted long-term
extinction, but any visual attentional manipulation impaired extinction recall on a subcortical
level, i.e., interfered with the consolidation of extinction memory. TVNS and SC-recruiting
attentional manipulation, thus, initially increased defensive flexibility towards cues no longer
predicting threat, but only tVNS fostered long-term fear reduction on multiple response levels.

TVNS, and to a far lesser extent SC-recruiting visual attentional manipulation, might, thus,
serve as treatment adjuvants to promote extinction-based exposure therapy of mental disorders.
Yet, clinical evidence for such conclusion needs to be provided, especially in the case of tVNS.
Before a clinical transfer may be endeavored, however, future research should provide detailed
insights about the mechanisms of action underlying such extinction enhancement in humans.
Functional and structural imaging studies may uncover the involved neural pathways and
chemical agents and, thus, set the stage to elaborate an optimal parametrization for both tVNS
and visual attentional manipulation to achieve maximized fear extinction. Finally, to test the
specificity and the clinical applicability of the observed effects, studies should examine whether
facilitated extinction may also be observed for interoceptive threat (e.g., dyspnea) and as to
whether the facilitation of fear extinction by a non-invasive stimulation of the brain’s inhibitory

pathways is only limited to attentive immobility, or extends to defensive action as well.
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Abstract

During fear conditioning, a cue (CS) signals an inevitable distal threat (US) and
evokes a conditioned response that can be described as attentive immobility (freez-
ing). The organism remains motionless and monitors the source of danger while star-
tle responses are potentiated, indicating a state of defensive hypervigilance. Although
in animals vagally mediated fear bradycardia is also reliably observed under such
circumstances, results are mixed in human fear conditioning. Using a single-cue
fear conditioning and extinction protocol, we tested cardiac reactivity and startle
potentiation indexing low-level defensive strategies in a fear-conditioned (n = 40;
paired presentations of CS and US) compared with a non-conditioned control group
(n = 40; unpaired presentations of CS and US). Additionally, we assessed shock
expectancy ratings on a trial-by-trial basis indexing declarative knowledge of the
previous contingencies. Half of each group underwent extinction under sham or ac-
tive transcutaneous vagus nerve stimulation (tVNS), serving as additional proof of
concept. We found stronger cardiac deceleration during CS presentation in the fear
learning relative to the control group. This learned fear bradycardia was positively
correlated with conditioned startle potentiation but not with declarative knowledge
of CS-US contingencies. TVNS abolished differences in heart rate changes between
both groups and removed the significant correlation between late cardiac deceleration
and startle potentiation in the fear learning group. Results suggest, fear-conditioned
cues evoke attentive immobility in humans, characterized by cardiac deceleration
and startle potentiation. Such defensive response pattern is elicited by cues predicting

inevitable distal threat and resembles conditioned fear responses observed in rodents.

KEYWORDS

attentive immobility (freezing), extinction, fear bradycardia, fear conditioning, startle potentiation,
transcutaneous vagus nerve stimulation
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1 | INTRODUCTION

Fear can be conceived as an action disposition evoked by
threat-related stimuli that activates behavioral defensive strat-
egies to ensure the organism'’s survival (Hamm & Flor, 2015;
Lang, 1995; Lang & Bradley, 2010). These defensive strategies
can broadly be separated into defensive anticipation and im-
mobility (freezing) and defensive action (e.g., active avoidance
or attack; Hamm, 2020; Lang & Bradley, 2010; Marks, 1987)
and are dynamically executed depending upon the imminence
of the threat and the available behavioral options of the or-
ganism (e.g., chance of threat avoidance), providing flexible
adaptation to the situation and, hence, increased probability
of survival (Fanselow, 1994; Hamm, 2020; Lang et al., 1997,
2000; Marks, 1987; Mobbs et al., 2020).

As soon as a cue signaling a possible upcoming threat is
detected, the organism is engaged in a fear-related state of
attentive immobility or freezing (Eilam, 2005; Hamm, 2020;
Lang et al., 1997; Marks, 1987; Roelofs, 2017). Such atten-
tive immobility is defined by increased selective attention
toward the threat-signaling cue, inhibited locomotion, a
tense body posture, and potentiation of the protective star-
tle reflex (Blanchard & Blanchard, 1969; Eilam, 2005;
Fanselow, 1984; Gewirtz et al., 1997; Kalin & Shelton, 1989;
Kolassa et al., 2005; Leaton & Borszcz, 1985).

Animal research shows that a wide variety of species also
responds with a profound phasic deceleration of the heart
rate when facing such distal threat, a phenomenon for which
comparative psychophysiologists have coined the term fear
bradycardia (Campbell et al., 1997). Supporting this view,
animal fear conditioning studies showed strong and positive
correlations between behavioral freezing and both prolonged
heart rate deceleration (Walker & Carrive, 2003) and startle
potentiation (Gewirtz et al., 1997; Leaton & Borszcz, 1985).
Moreover, rodent research showed that cardiac deceleration in
response to threat-signaling cues is mediated by similar under-
lying neural substrates, that also modulate threat-related star-
tle potentiation and behavioral freezing, involving the central
nucleus of the amygdala (CeA) and its projections to the ven-
trolateral periaqueductal gray (VIPAG; Applegate et al., 1983;
Choi & Brown, 2003; Davis, 2006; Fendt & Fanselow, 1999;
LeDoux et al., 1988; Walker & Carrive, 2003).

In human psychophysiological research, heart rate deceler-
ation has been traditionally interpreted as an index of increased
orienting toward significant stimuli that carry information
(Graham, 1979). Accordingly and contrary to animal research,
strong cardiac decelerations elicited by a conditioned stimu-
lus (CS) signaling the occurrence of a threat (unconditioned
stimulus, US) in early human fear conditioning experiments
have been interpreted as an inhibition of the habituation of
the orienting reflex (Geer, 1964; Putnam et al., 1974), rather
than reflecting a fear response. In fact, although in human fear
conditioning studies startle responses were found to be reliably

potentiated (Grillon & Davis, 1997; Hamm et al., 1993; Lipp
et al., 1994, for a review see Hamm, 2015), heart rate changes
have shown to vary as a function of CS-content, US-intensity,
and individual response patterns, with cardiac deceleration
being observed more commonly with neutral CSs, whereas
cardiac acceleration was associated with fear relevant CSs and
more intense USs (Dimberg, 1987; Hamm et al., 1993; Hamm
& Vaitl, 1996; Hodes et al., 1985; Lipp & Vaitl, 1990; Moratti
& Keil, 2005; see Lonsdorf et al., 2017 for a review).

However, by relating stimulus significance to motivational
systems that serve survival functions, Bradley (2009) presented
evidence that prolonged parasympathetically dominated car-
diac deceleration consistently occurs during states involving
increased perceptual effort, engaged during selective attention
toward motivationally significant stimuli. As this is the case
during monitoring sources of inevitable danger, Bradley (2009),
thus, provided a link between orienting and fear (see also Bradley
et al., 2018). Supporting this view, recent research found that
heart rate changes in the face of a threat in fact critically vary
depending upon the behavioral options at hand, along with the
actually executed defensive strategy (see Krause et al., 2018;
Low et al., 2015). As demonstrated in these two studies, there
was strong cardiac deceleration as well as startle potentiation,
if there was no option to actively avoid an approaching threat
(moderately painful stimulus; or forced breath holding), and
both measures were strongest immediately prior to the delivery
of the aversive stimulus, while cardiac acceleration and startle
inhibition was found when the organism was beyond vigilance
and engaged in vigorous defensive action (Krause et al., 2018;
Lang & Davis, 2006; Lang et al., 2000; Low et al., 2015). These
data were supported by findings of Roelofs and coworkers,
showing heart rate decrease during different inevitable threat
conditions including fear conditioning. In these studies heart
rate deceleration was associated with reduced locomotion as
measured by postural sway on a stabilometric platform, sup-
porting the view that defensive responses acquired in human
fear conditioning studies might be instances of attentive freez-
ing (Gladwin et al., 2016; Roelofs, 2017; Roelofs et al., 2010).
Accordingly, recent imaging research indicated that similar neu-
ral mechanisms that underlie behavioral freezing and cardiac
deceleration in rodents also apply to humans during processing
of distal inevitable threats (Wendt et al., 2017).

The current study follows up on this research and aims to
provide an analysis between cardiac reactivity and startle mod-
ulation during human fear conditioning. We strived for harmo-
nizing cross-species methodology (see Haaker et al., 2019 for
a detailed discussion), by applying a multiple-day single-cue
fear conditioning and extinction protocol, closely adapted to
animal research (see Pefia et al., 2013, 2014, but also Wong
& Lovibond, 2017, 2018). Such paradigm involves between-
subject comparisons of conditioned responses between a
fear learning group, receiving repeated presentations of a CS
paired with an aversive US during an acquisition training,
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TABLE 1  Demographics and body-mass-index for the experimental groups
T et
Sham tVNS Sham tVNS
N (female/male) 20 (15/5) 20 (16/4) 20 (12/8) 20 (14/6)
Age (years) 23.75 (SD = 3.34) 23.30 (SD =4.22) 22.05 (SD = 3.20) 21.90
(SD = 2.83)
Body-Mass-Index (kg/mz) 21.65 (SD = 1.89) 22.30 (SD = 2.00) 21.65 (SD = 1.89) 22.58
(SD =2.24)

and a control group, receiving explicitly unpaired presenta-
tions of both stimuli (Lonsdorf et al., 2017; Rescorla, 1967).
Moreover, we expanded the extinction period to investigate
the extinction of defensive responding in more detail.

We hypothesized, that human laboratory participants of the
fear learning group would show stronger cardiac deceleration
during the presentation of a conditioned stimulus compared with
controls, as they are suggested to function at a stage of attentive
immobility with easy escape blocked (e.g., by social compliance;
Lang et al., 2000). More specifically, we presumed that such fear
bradycardia is primarily expressed in stronger prolonged cardiac
deceleration late during the CS presentation, which is suggested
to reflect increased sensory intake or stimulus anticipation (e.g.,
an aversive US; Hodes et al., 1985), but not in early cardiac decel-
eration, which has been viewed as a transient detecting response
indexing stimulus registration (Bradley, 2009; Graham, 1987;
Hodes et al., 1985). Moreover, such prolonged fear bradycardia
was expected to be significantly correlated to behavioral low-
level correlates of attentive freezing, that is being related to in-
creased potentiation of the startle reflex. Importantly, as primitive
thalamic projections to the amygdala are particularly involved in
the expression of fear during single-cue conditioning protocols,
we expected that this correlation is stronger than the association
between bradycardia and declarative knowledge of CS-US con-
tingency, which has been suggested to require higher order cor-
tical involvement (for a review see LeDoux, 1995). Additionally,
defensive responding and, thus, freezing has shown to decrease
during an extinction training, presumably due to reduction of
CeA activity by inhibitory projections from the ventromedial
prefrontal cortex (vmPFC) and the basolateral amygdala (BLA;
Amano et al., 2010; Ehrlich et al., 2009; Gewirtz et al., 1997,
Milad & Quirk, 2012). Thus, we hypothesized that late cardiac
deceleration would extinguish in the fear learning group. Animal
research has indicated that the stimulation of the vagus nerve
may facilitate such extinction, possibly due to increasing norad-
renergic activation of the BLA and vmPFC by way of its afferent
projections to the locus coeruleus noradrenergic system (Mueller
& Cahill, 2010; Pefa et al., 2013, 2014). Transcutaneous vagus
nerve stimulation (tVNS), involving the non-invasive stimula-
tion of the exclusively vagally innervated left cymba conchae,
is presumed to lead to an activation of afferent fibers of the left
auricular vagus nerve and has shown to similarly increase activ-
ity in both the amygdala and vmPFC, correspondingly resulting

in promoted fear extinction in humans when applied during
extinction training (Burger et al., 2016, 2017, 2018; Frangos
et al., 2015; Peuker & Filler, 2002; Szeska et al., 2020). Thus,
we used transcutaneous vagus nerve stimulation as an additional
proof of concept in our paradigm and expected that tVNS would
promote the extinction of prolonged cardiac deceleration during
extinction training by facilitating inhibition of human neural
freezing circuitry. Importantly, attentive immobility as well as
fear bradycardia are suggested to be primarily parasympathet-
ically dominated defensive responses (Campbell et al., 1997,
Roelofs, 2017). Thus, we hypothesized that a potential tVNS-
induced attenuation of cardiac deceleration would be driven by
an inhibition of parasympathetic control of the heart, rather than
by an increase in sympathetic nervous activity, as indexed by the
skin conductance level (SCL).

2 | METHOD

2.1 | Participants

The study included 80 participants, primarily students of the
University of Greifswald (M = 22.75, range = 18 to 34 years;
57 women; see Table 1 for further information). During a
phone interview, all participants reported to be in the desired
age range (18-35 years), to have a body-mass-index in nor-
mal range (18.5 kg/m2 to 27 kg/mz), and to be free from any
previous or current medical or mental condition, which would
have been associated with an affection of any of the outcome
variables or would have contraindicated the use of tVNS (i.e.,
cochlear implants or pregnancy, checked by a pregnancy
test). The sample and data set is the same as has been re-
ported by Szeska et al., (2020). Each participant gave her/
his informed consent and received either monetary reward
(34 €) or partial course credits. The study was approved by
the ethical committee of the German Society for Psychology
(“Deutsche Gesellschaft fiir Psychologie; DGPs”).

2.2 | Stimulus materials

Figure 1a gives an overview of the used stimulus materials. All
visual stimuli were presented on a 24-inch computer monitor



68

40f 17

SZESKA ET AL.

PSYCHOPHYSIOLOGY ...

(a) Trial structure
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(a) Trial structure during the single-cue fear conditioning and extinction paradigm. Each trial began with a CS-US contingency

rating, where the CS (blue pentagon) was previewed in smaller size, and participants were instructed to rate the probability, that this cue would be
followed by the US during the upcoming CS presentation in full size (English translation of the German instruction: “Next, this picture will follow.

How likely do you think is it to receive an electrical shock during the upcoming presentation of this picture?”). Three seconds after completing

the rating, the cue was presented in full size on the screen, ensuring that physiological fear responses were not affected by any parallel cognitive

evaluation task. (b) Schematic presentation of the analyzed experimental sessions. The acquisition and extinction training consisted of 16 trials

each. The fear learning group received paired presentations of the CS and US in 12 of the 16 trials (75% CS-US contingency) during acquisition

(i.e., four CS presentations without US), whereas individuals of the control group received 16 presentations of the CS and 12 shocks during the

inter-trial interval (ITI) so that CS and US were explicitly unpaired (0% CS-US contingency). Extinction started with a 3 min adaption period to the

stimulation device (for both sham stimulation and tVNS, respectively). During extinction, 16 CSs were presented in both groups without any US.

Half of the fear learning and control group underwent the extinction training under the influence of tVNS, whereas the other half received a sham

stimulation of the earlobe. Throughout each experimental session, acoustic startle probes were presented during the presentations of the CS and

during the ITIs

(1,024 x 768 pixel resolution) 1.45 m in front of the participant.
The CS was a blue pentagon on a black background, which was
displayed for 7.135 s, whereas a black screen, presented for 12,
14, or 16 s (M = 14 s), served as inter-trial interval (ITT).

An unpleasant, individually adjusted electrical shock
with a duration of 625 ms, consisting of 125 single
pulses, each with a duration 2 ms and a 3 ms break be-
tween pulses was applied by an S-48K stimulator (Grass
instruments, West Warwick, RI, USA) and was used as
US. Importantly, there was no significant difference be-
tween the tVNS and sham condition in adjusted US in-
tensity (Myns = 3.41 mA, SD = 1.53; My, = 3.44 mA,
SD = 1.47; Stimulation and Stimulation X Group, all
Fs < 1.09, all ps > .30).

A binaurally presented 95 dB(A) burst of white noise with
a duration of 50 ms and an instant rise/fall time (<1 ms), pre-
sented by AKG K66 headphones, was used as acoustic startle
probe to elicit the startle eyeblink response.

The device for transcutaneous vagus nerve stimulation
(CMO2, Cerbomed, Erlangen, Germany) was applied during
session 2 (extinction training) at the left auricle with two tita-
nium electrodes positioned in either of two locations: In the
tVNS condition, the electrodes were positioned at the cymba
conchae, which is exclusively innervated by the auricular
branch of the vagus nerve (ABVN), whereas in the sham con-
dition, electrodes were placed in the center of the earlobe,
which is free of vagal innervation because of being innervated
by the great auricular nerve (GAN; Peuker & Filler, 2002).
Electrical stimulation was delivered during the stimulation
adaptation period (3 min), as well as throughout the follow-
ing extinction training (session 2; approximately 10 min)
with a pulse width of 200-300 ps at a rate of 25 Hz, applying
a 30 s ON and 30 s OFF procedure. Ensuring the activation
of either the ABVN or GAN, participants were required to
individually adjust the stimulation intensity at the beginning
of session 2 to be clearly perceivable, but below the pain
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threshold (see also 2.3.2). Importantly, the mean stimulation
intensity did not differ between the tVNS and sham condition
(Myns =2.28mA, SD = 1.13; My,,, =2.53 mA, SD = 1.11;
stimulation and stimulation X group, all Fs < 1.31, all
ps > .25).

2.3 | Experimental design and procedure
Figure 1 provides a linear depiction of the trial structure (a),
the experimental design and procedure (b). We used a 2 X 2
between-subject design to test our hypotheses, with Group
(fear learning vs. control group) and Stimulation (tVNS vs.
sham stimulation) as between-subject factors. Consequently,
eligible participants were allocated to one of four conditions:
a fear learning group receiving tVNS (n = 20), a fear learning
group receiving sham stimulation (n = 20), a control group
receiving tVNS (n = 20), and a control group receiving sham
stimulation (n = 20). The allocation to either of the four con-
ditions was randomized and single-blind sham controlled.

Participants were seated in a dimly lit, sound-attenuated
room during each experimental session. Sensors for physio-
logical recording as well as the electrodes to deliver the elec-
trical shock at the non-dominant hand's wrist were attached
prior to any experimental manipulation. Each session began
with a startle habituation phase, during which six acoustic
startle probes were presented (inter-stimulus intervals of 7, 9,
10, 6, and 8 s; M = 8 s; duration: 84 s), ensuring the adapta-
tion of startle magnitudes to a stable baseline.

2.3.1 | Acquisition training (session 1)

Prior to acquisition training, participants underwent a shock
workup, during which the experimenter individually adjusted
the US intensity following a standardized protocol to a level,
which the participant perceived as clearly unpleasant but not
painful. The workup consisted of a number of sample shocks,
starting at an intensity of 2.0 mA. After each shock admin-
istration, participants were asked to rate the shock intensity
on a continuous 5-point visual analog scale, ranging from
“1 (not painful/annoying)” to “5 (very painful/annoying).”
After each rating, the shock intensity was increased to finally
achieve an intensity that was rated as “4 (unpleasant/quite an-
noying).” As soon as the shock was rated as “4 (unpleasant/
quite annoying),” the shock workup was terminated and the
respective shock intensity was used for the experiment (see
also Klumpers et al., 2010).

After the shock workup and just before the acquisition
training, all participants were instructed, that the CS, the US
and acoustic startle probes may be presented at any time,
with no explicit information given with regard to the CS-US
contingencies.

JsvcHoHsiovoay ... By

During the acquisition training, all participants received
16 presentations of the CS. In the fear learning group, the CS
was paired with the aversive US in 12 of the 16 trials (6.5 s
after CS onset; 75% CS-US contingency) to induce a reliable
and robust conditioned fear response while increasing its re-

sistance to extinction. By contrast, the control group received
explicitly unpaired presentations of CS and US, which was
delivered 12 times only during the inter-trial intervals (3, 4,
5,6,7,8, 11, or 12 s after ITI onset, M = 6.98 s; 0% CS-US
contingency). Startle probes were delivered during the CS in
12 out of 16 trials for both groups either at 4.5, 5 or 5.5 s
(four trials for each probe time) after the CS onset arranged
in eight experimental orders, participants were randomly as-
signed to. Moreover, 12 startle probes were presented during
the inter-trial intervals (ITIs). By using a minimum interval
of 1 s between startle probe and US onset, we ensured that the
presentation of both stimuli was not confounded in any of the
experimental groups.

2.3.2 | Extinction training (session 2)

The second experimental session took place 24 + 4 hr after
the acquisition training. After the electrodes for physiologi-
cal assessment and US-application were refitted, the tVNS/
sham stimulation device was positioned at the participants'
left ear in the desired location and a tVNS/sham stimulation
workup began, where participants were instructed to set the
stimulation intensity to be clearly perceivable, but without
being painful. Following the same protocol as Ventura-Bort
and colleagues (2018), adjustment started at an intensity of
0.1 mA and after each up- or down-adjustment of 0.1 mA
participants were asked to rate their subjective sensation of
the stimulation intensity on a visual 11-point scale, ranging
from “nothing (0),” “light tingling (3),” “strong tingling (6)”
to “painful (10)”. The workup lasted until a “strong tingling”
sensation of 8 was reported by the participant, after which
a full 30 s ON and 30 s OFF stimulation protocol was run
in order to provide an experience of the stimulation, as it
would be during the extinction training (see also Ventura-
Bort et al., 2018). Only if the participants still rated the sensa-
tion as 8 after the protocol, the adjusted stimulation intensity
would be used for the extinction training—otherwise the
workup went on until that point was reached.

Subsequently, participants were informed that the up-
coming second experimental session would begin with a
3-min period to adapt to the stimulation (either tVNS or
sham). No other stimuli (startle probes or CSs) were pre-
sented during this period. Participants were further in-
structed that after the adaptation period any of the stimuli
might be presented, that have also been presented during
session 1. Again, no explicit information was given with
regard to the CS-US contingencies. During extinction
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training, the CS was presented 16 times without any US.
Presentation of acoustic startle probes was similar to order
of the acquisition training.

2.4 | Assessments and data reduction

2.4.1 | Electrocardiogram (ECG; Heart rate)
The ECG was measured using an Einthoven Lead II setup
with two electrolyte filled (Marquette Hellige, Freiburg,
Germany) standard Ag/AgCl electrodes (8 mm diameter).
Using a Coulbourn system, the raw signal was filtered with
an 8-13 Hz band-pass filter and amplified by the factor
2000. ECG data were digitally sampled at 400 Hz and arti-
fact corrected using ANSLAB (v. 2.4; Autonomic Nervous
System Laboratory, University of Basel, Switzerland), and
subsequently converted to heart rate in beats per minute for
every half-second of the sampling period (Graham, 1978).
Finally, allowing to quantify baseline-independent cardiac
responding during the CS, heart rate during the CS was sub-
tracted from base period heart rate (mean of the first two half-
seconds after CS onset) for every half-second after the CS
onset for the full duration of CS presentation (14 data points
for the 7.135 s CS duration). These half-second bins were
averaged across all trials for each experimental session and
additionally for each half of the extinction training to analyze
the time course of extinction learning.

As conditioned cardiac responses have shown to follow a
triphasic course, we additionally identified average peaks of
early cardiac deceleration (DI, slowest half-second between
1 and 2 s after CS onset), acceleration (A ]; fastest half-second
between 2 and 5 s after CS onset), and late cardiac deceler-
ation (D2; slowest half-second between 5 and 7 s after CS
onset) for each experimental session adapted from the rules
of Gatchel and Lang (1973). Average peaks of the heart rate
responses are expressed in beats per minute change scores,
deviated from the base period (A bpm).

2.4.2 | Electromyography (EMG; Startle
eyeblink response)

We measured the eyeblink component of the startle re-
sponse, elicited by the acoustic startle probe, by recording
the electromyographic activity of the orbicularis oculi mus-
cle underneath the left eye by using two electrolyte filled
(Marquette Hellige, Freiburg, Germany) Ag/AgCl miniature
surface electrodes (3 mm diameter, Sensormedic, Yorba
Linda, CA, USA), which were attached on the skin over
the muscle. The EMG signal was amplified by a Coulbourn
S75-01 amplifier and filtered with a 30 Hz high-pass and a
Kemo LEM-VB{8-03 400 Hz low-pass filter (smoothing the

rectified signal with a time constant of 10 ms). Moreover, a
notch filter (50 Hz) was used. The signal was digitally sam-
pled at a rate of 1,000 Hz between 100 ms before and 400 ms
after the startle probe onset. Startle eyeblink responses were
scored semi-automatically with a computer program, identi-
fying blink onset and peak amplitude (Globisch et al., 1993).
Each detected startle eyeblink response was additionally
visually inspected for artifacts (Blumenthal et al., 2005) and
manually corrected if necessary. Only blinks were scored
as valid startle responses, which started 20-120 ms after
the startle probe onset and peaked within 150 ms, with a
minimum amplitude of 1.954 pV. If no blink was detected,
the trials were scored as zero responses. Based on previ-
ously published guidelines, we set trials as missing if clear
movement artifacts, excessive baseline activity, or artifacts
due to tVNS/sham stimulation were found (Blumenthal
et al., 2005). For acquisition training (session 1), 0.5%
were scored as zero responses (M = 0.15), and 2.2% of all
probed trials were set as missing (M = 0.66). For the ex-
tinction training (session 2), 0.3% of all probed trials were
scored as zero responses (M = 0.09), and 31.2% were set as
missing (M = 9.38; higher rate of missings due to tVNS/
sham stimulation-induced noise). After scoring, raw blink
magnitudes were z-transformed and finally 7-standardized
(50 + (z x 10)) individually for each participant to con-
trol for individual differences in overall startle magnitude.
Finally, we computed the mean startle potentiation (dif-
ference of 7T-transformed CS startle and 7-transformed ITI
startle magnitude) for each experimental session.

2.43 | Shock expectancy ratings

Before each CS presentation, participants were required to
rate their expectancy to receive an US during the upcoming
CS on a continuous 11-point visual analog scale (ranging
from “0%” to “100%”) by shifting a red cursor and pushing
the left mouse button (see Figure 1a). During this rating, the
CS was presented in smaller size above the line rating. This
procedure is very much comparable to clinical practice dur-
ing exposure-based treatments, during which patients are
asked to rate the likelihood, that their central concern might
become true (e.g., fainting), before the exposure exercise be-
gins (see Hollandt et al., 2020). There was no time restriction
for completing the rating. After the rating was completed,
a three second post-rating period (black screen) followed.
After the post-rating period, the CS was displayed in full size
on the screen. Thus, we ensured that physiological responses
evoked by the CS were not affected by a parallel cognitive
evaluation task. Equivalently to the startle responses, we
computed the mean shock-expectancy rating separately for
each experimental session as an index of declarative knowl-
edge of CS-US contingency.
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2.4.4 | Skin conductance level

The SCL was measured from the hypothenar eminence of
the palmar surface of the participant's non-dominant hand to
provide an index of sympathetic nervous activity. Two Ag/
AgCl electrodes (8 mm diameter) were filled with a 0.05 M
sodium chloride electrolyte medium before attachment. The
signal was amplified by a Coulbourn S71-22 skin conduct-
ance coupler, which provided a constant current of 0.5 V
across the two electrodes, sampled at a rate of 10 Hz and
processed with a resolution of 0.01 uS. SCL for every half-
second after the CS onset for the full CS duration (14 points
for analysis during the 7.135 s stimulus presentation) was
subtracted from the base period SCL (mean of the first two
half-seconds after CS onset) and averaged across all trials for
the extinction training, thus using the same scoring procedure
as for heart rate.

2.4.5 | Statistical analyses and Figure creation
We analyzed the course of conditioned cardiac responses dur-
ing each session (acquisition training and extinction training)
using linear mixed models with only fixed effects included
(see Bagiella et al., 2000; Duricki et al., 2016). On the one
hand, such linear mixed regression models advantageously
also include participants with missing values, whereas on
the other hand it is possible to model the error covariance
structure in a way that best fits the data, providing higher
statistical power of analysis (Bagiella et al., 2000; Duricki
et al., 2016). We created all linear mixed regression models
using restricted maximum likelihood estimation, to include
all available data (Duricki et al., 2016), and modeled the error
covariance structure of the repeated measurements by speci-
fying a first-order autoregressive covariance structure with
heterogeneous variances (ARHI1). This type of covariance
structure was chosen because it provided the best fit to the
sample data according to Akaike's information criterion while
being parsimonious in parameter estimation, thus following
recommendations of Duricki and colleagues (2016). Group
(fear learning vs. control group) and Stimulation (tVNS vs.
sham stimulation) served as between-subject factors, and
Time (14 half-second bins during the CS presentation) served
as within-subject factor. Moreover, to specifically examine
the impact of the extinction training on cardiac responding,
we compared cardiac waveforms during the first half with
cardiac waveforms during the second half of the extinction
training, by additionally including the within-subject factor
Half into analyses.

If significant differences between average, heart rate
curves were found across groups during acquisition or extinc-
tion, univariate analyses of variances were carried out, ana-
lyzing between-subject differences between average peaks of
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cardiac decelerative (DI and D2) and accelerative response
components (A7) of phasic heart rate changes during each
session with Group and Stimulation as between-subject fac-
tors. In a second step, we compared cardiac peak compo-
nent scores between the first and second half of extinction
to analyze the impact of the extinction in more detail. We
used the linear mixed regression models as described above,
with Group and Stimulation as between-subject factors and
Half (first vs. second) as within-subject factor. To examine
the potential influence of startle probes on late cardiac de-
celeration (D2) during acquisition and extinction (probed vs.
non-probed trials), we did additional analyses including the
within-subject factor Probe (probed vs. non-probed).
Moreover, we computed Spearman rank correlations be-
tween cardiac response components and mean startle poten-
tiation as well as mean shock expectancy ratings for each
experimental session to evaluate the association between
heart rate changes, startle potentiation, and CS-US shock
expectancy ratings. In a second step, we tested whether
these correlations were significantly different following the
procedure recommended by Meng and colleagues (Meng
et al., 1992). We also calculated correlations during extinc-
tion for each of the four experimental groups to assess the

influence of the stimulation conditions and the learning expe-
rience on the correlational pattern (see Eid et al., 2011 for the
procedure used to compare independent correlations).

Changes in SCL during the extinction training were an-
alyzed as an index of sympathetic nervous activity by using
linear mixed regression models as described above, with
Group (fear learning vs. control group) and Stimulation
(tVNS vs. sham stimulation) as between-subject factors and
Time (14 half-second bins) serving as within-subject factor.

Partial eta-squared was computed following recommen-
dations by Lakens (2013). Bonferroni correction was applied,
when relevant. All statistical analyses were conducted using
IBM SPSS Statistics 25. Microsoft Excel and Microsoft
PowerPoint were used for Figure creation.

3 | RESULTS

3.1 | Acquisition training

The overall heart rate response to the CS during acquisition
training in the fear learning (red line) and the control group
(blue line) is depicted in panel (a) of Figure 2. All partici-
pants showed a significant heart rate deceleration to the CS
(Time, F(13,320.25) = 19.58, p < .001, 172p = .44; Figure 2a).
However, a significant time by group interaction indicated
stronger cardiac deceleration in the fear learning relative to the
control group prior to the delivery of the US (Time X Group,
F(13,320.25) = 3.68, p < .001, ;72p = .13; significant group
differences 67 s after CS onset). Correspondingly, although
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FIGURE 2 (a) Heart rate change after CS onset during the acquisition training for the fear learning (red line) and control group (blue line),

averaged across all 16 acquisition trials, depicted in half-second bins. (b) Average peaks of cardiac response components during the acquisition
training for the fear learning (red bars) and control group (blue bars). DI indicates the mean slowest half-second between 1 and 2 s after CS onset.
Al indicates the mean fastest half-second between 2 and 5 s after CS onset. D2 indicates the mean slowest half-second between 5 and 7 s after CS
onset. (c) Scatter plot of mean startle potentiation (standardized [T-scores] startle magnitudes elicited during the CS minus standardized [T-scores]
startle magnitudes elicited during the ITI, averaged across all probed trials) as a function of D2 component score variation during the acquisition
training for the fear learning (red dots) and control group (blue dots). (d) Scatter plot of mean CS-US contingency rating (averaged across all trials)
as a function of D2 component score variation during the acquisition training for the fear learning (red dots) and control group (blue dots). For all
graphs: Time windows for the analyses of the average peaks of cardiac response components are depicted in different gray scales ranging from light
(D1I) to medium (A7) and dark gray (D2). Error bars, when depicted, represent standard error of the mean. Asterisks indicate statistical significance

of correlations with *p < .05, **p < .01, and ***p < .001

no significant differences were found between the fear learn-
ing and control group in early decelerative (DI: Group,
F(1,76) = 3.94, p = .051; Figure 2b) or accelerative cardiac
peak components (Al: Group, F(1,76) = 1.95, p = .167;
Figure 2b), participants of the fear learning group showed
increased late cardiac decelerative peaks (D2) compared with
participants of the control group (Group, F(1,76) = 7.66,
p =.007, nzp = .09; Figure 2b). Although cardiac decelera-
tion was overall smaller in probed relative to the non-probed
trials (Probe, F(1,76) =5.79, p = .018, nzp =.07; Figure Sla),
such effect was significantly smaller in the fear learning
group (Probe X Group, F(1,76) = 5.42, p = .023, r/zp =.07;
Figure S1b). As predicted, overall correlation between late
heart rate deceleration (D2) and fear potentiated startle was
significant (rgpeqman (80) = —.347, p = .002). By contrast,
no significant overall correlation between cardiac decelera-
tion and CS-US expectancy ratings was observed (7'spearman
(80) = —.104, p = .358; Figure 2c,d). Further testing revealed

that the correlation between late cardiac deceleration (D2)
and startle potentiation was significantly stronger than the
correlation between the D2 component and CS-US contin-
gency ratings (z = —1.80, p(one-tailed) = .036). By contrast,
neither early decelerative (D) nor accelerative cardiac peak
responses (A7) were significantly associated with startle po-
tentiation (DI repearman (80) =010, p = 9335 Al: rgpeaman
(80) = —.091, p = .420) or CS-US expectancy ratings (DI:
Tspearman (80) = 196, p = .086; Al rgpeaman (80) = .085,
p = .454). As expected, no effects of stimulation were found
during the acquisition training, as no stimulation was yet ap-
plied (all Fs < .66, all ps > .427).

3.2 | Extinction training

During the extinction training 24 hr later, all participants con-
tinued to show a significant heart rate deceleration in response
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to the CS, indicating that the CS has acquired relevance
to the participants (Time, F(13,319.59) = 19.25, p < .001,
;72p = .44; Figure 3a,b). Yet, the fear learning group displayed
significantly stronger heart rate deceleration relative to con-
trols during the presentation of the conditioned stimulus,
particularly during the late phase of the CS (Time X Group,
F(13,319.59) = 3.27, p < .001, nzp = .12; Figure 3a,b). As
expected, tVNS significantly attenuated prolonged cardiac
deceleration but only in subjects of the fear learning group,
whereas cardiac reactivity was unaffected by stimulation in
controls (Group X Stimulation, F(1,99.43) = 5.81, p = .018,
;12p =.65; Time x Group X Stimulation, F(13,319.59) =2.99,
p <.001,5°, = .11; Figure 3a,b).

In the sham condition, fear learning group participants
showed significantly stronger overall cardiac deceleration
relative to controls (Group, F(1,48.87) = 16.33, p < .001,
nzp .25; Figure 3a), again with strongest deceleration
during the late phase of CS-processing (Time X Group,
F(13,97.45)=4.32, p < .001, ;72p =.37; Figure 3a; significant
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group differences 2.5-7 s after CS onset). Accordingly, al-
though both groups of the sham condition did not differ in
early deceleration (DI; Group, F(1,38) = 1.79, p = .189;
Figure 3c), the fear learning group displayed lower acceler-
ative and stronger late decelerative peak responding relative
to controls (A7: Group, F(1,38) =21.24, p < .001, 172p = .36;
D2: Group, F(1,38) = 14.51, p < .001, nzp = .28; Figure 3c).
Importantly, these between-group differences in the sham
condition were significantly stronger at the beginning of the
experimental session and declined throughout the extinc-
tion training (Half X Group, F(1,212.68) = 5.47, p = .020,
172p =.03; Figure 4a,b), which resulted from extinguished heart
rate deceleration in fear learning group participants (Half,
F(1,112.34) = 3.49, p = .064, nzp = .03), rather than from
increased deceleration in controls (Half, F(1,95.06) = 1.92,
p = .169). Accordingly, although early decelerative peak re-
sponding remained stable in all sham-stimulated subjects (D1:
Half x Group, F(1,38) = .76, p = .388; Figure 4e), fear learn-
ing group participants showed lower cardiac accelerative and
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(a) Heart rate change after CS onset during the extinction training in the sham condition, averaged across all 16 trials, depicted in

half-second bins for the fear learning (light red line) and control group (light blue line). (b) Heart rate change after CS onset during the extinction

training in the tVNS condition, averaged across all 16 trials, depicted in half-second bins for the fear learning (red line) and control group (blue

line). (c) Average peaks of cardiac response components during the extinction training for both the fear learning and control group in the sham

condition (light red and light blue bars) and tVNS condition (red and blue bars). DI indicates the mean slowest half-second between 1 and 2 s after

CS onset. Al indicates the mean fastest half-second between 2 and 5 s after CS onset. D2 indicates the mean slowest half-second between 5 and

7 s after CS onset. For all graphs: Time windows for the analyses of the average peaks of cardiac response components are depicted in different

gray scales ranging from light (D7) to medium (A/) and dark gray (D2). Error bars, when depicted, represent standard error of the mean. Asterisks
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FIGURE 4 (a) and (b) Heart rate change after CS onset during the first half (a) and second half (b) of the extinction training in the sham

condition, averaged across all 16 trials, depicted in half-second bins for the fear learning (light red line) and control group (light blue line). (c) and
(d) Heart rate change after CS onset during the first half (a) and second half (b) of the extinction training in the tVNS condition, averaged across

all 16 trials, depicted in half-second bins for the fear learning (red line) and control group (blue line). (e) and (f) Average peaks of cardiac response
components during the first half (e) and second half (f) of the extinction training for both the fear learning and control group in the sham condition

(light red and light blue bars, respectively) and tVNS condition (red and blue bars, respectively). D/ indicates the mean slowest half-second
between 1 and 2 s after CS onset. A/ indicates the mean fastest half-second between 2 and 5 s after CS onset. D2 indicates the mean slowest half-

second between 5 and 7 s after CS onset. For all graphs: Time windows for the analyses of the average peaks of cardiac response components are

depicted in different gray scales ranging from light (D7) to medium (A/) and dark gray (D2). Error bars, when depicted, represent standard error of

the mean. Asterisks indicate statistical significance of correlations with *p < .05, **p < .01, and ***p < .001

stronger late decelerative peaks during the first half of extinc-
tion, which both appeared to decline throughout the session
(AI: Half x Group, F(1,38) =4.78, p = .035, nzp =.11; D2:
Half x Group, F(1,38) =4.08, p =.051, 172p =.09; Figure 4e).

In contrast to the sham condition, the application of tVNS
abolished differences in overall cardiac responding between
the fear learning and control group during the extinction train-
ing (Group, F(1,50.87) = .36, p = .554; Figure 3b), which
was evident right from the beginning of the experimental
session (heart rate curves: Half x Group, F(1,187.37) = .03,
p = .854; Figure 4b,c; peak components: Half X Group, all
Fs < 1.930, all ps > .172; Figure 4f). Nevertheless, the fear
learning group still displayed stronger cardiac deceleration
during the late phase of the CS processing (Time X Group,
F(13,179.93) = 2.15, p = .014, 112p = .14; significant group
differences 5-5.5 s after CS onset; Figure 3b). Accordingly,
we observed no significant group differences in early decel-
erative peaks (DI; F(1,38) = .06, p = .807) or cardiac ac-
celeration (A7; F(1,38) = .78, p = .382), whereas we found
a trend for stronger late decelerative peaks in the fear learn-
ing group relative to controls in the tVNS condition (D2:
F(1,38) =3.89, p = .056, nzp = .09; Figure 3c).

Further analyses revealed that the abolished group
differences in the tVNS condition did not result from
attenuated early or late decelerative peak responding

(DI: Stimulation X Group, F(1,76) = .57, p = .454; D2:
Stimulation X Group, F(1,76) = 2.69, p = .105; Figure 3c),
but from elevated cardiac acceleration in vagally stimulated
fear learning group subjects compared with the sham condi-
tion (A/: Stimulation X Group, F(1,76) = 12.47, p = .001,
112p = .14; Figure 3c). Thus, although both active and sham-
stimulated subjects of the fear learning group displayed sig-
nificant cardiac deceleration immediately prior to the US
(D2 component or late cardiac deceleration), tVNS resulted
in a significantly delay of such increased cardiac deceleration
due to transient cardiac acceleration 2 s after CS onset. As
no differences between stimulation conditions were found in
SCL change during the CS presentation (all F's < 1.66, all
ps > .070; Figure 5a,b), our data indicate that such elevated
cardiac acceleration was not accompanied by an increase in
sympathetic nervous activity.

As during acquisition, late cardiac deceleration (D2) was
overall reduced during probed compared with no probed tri-
als (Probe, F(1,76) = 5.40, p = .023, nzp = .07; Figure S2a)
— an effect that did not differ between fear learning and con-
trol participants (Probe X Group, F(1,76) = .048, p = .827,
Figure S2b).

As expected, stronger prolonged cardiac deceleration
continued to be significantly correlated with increased
startle potentiation (D2: rgyearman (80) = —.376, p < .001;
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FIGURE 5

(a) and (b) Skin conductance level change after CS onset during the extinction training, averaged across all 16 trials, depicted in

half-second bins for the tVNS (blue) and sham condition (light blue) of the control group (a) and fear learning group (b). (c), (d), and (f) Scatter
plot of mean startle potentiation (standardized [T-scores] startle magnitudes elicited during the CS minus standardized [T-scores] startle magnitudes
elicited during the ITI, averaged across all probed trials) as a function of D/ component score variation (c), A/ component score variation (d) and
D2 component score variation (e) during the extinction training for both the fear learning and control group in the sham (light red and light blue
dots, respectively) and tVNS condition (red and blue dots, respectively). (f), (g), and (h) Scatter plot of mean CS-US contingency rating (averaged
across all trials) as a function of D/ component score variation (f), A/ component score variation (g), and D2 component score variation (h) during
the extinction training for both the fear learning and control group in the sham (light red and light blue dots, respectively) and tVNS condition (red
and blue dots, respectively). For all graphs: Time windows for the analyses of the average peaks of cardiac response components are depicted in
different gray scales ranging from light (D7) to medium (A7) and dark gray (D2). Error bars, when depicted, represent standard error of the mean.
Asterisks indicate statistical significance of correlations with *p < .05, **p < .01, and ***p < .001

Figure Se, but not with CS-US expectancy ratings (D2: rgpey.
man (80) = —.116, p = .305; Figure 5h) in the overall analysis,
and the D2 was significantly stronger related to startle poten-
tiation than to CS-US contingency ratings during the extinc-
tion training (z = —1.99, p(one-tailed) = .023; Figure 5e,h).
Analyses for the separate groups showed that the association
between D2 and startle potentiation was not significant and
not modulated by tVNS in the control group (control group/
tVNS: rgpearman = —-245, p = .298; control group/sham:
Fspearman = -165, p = .486; z = —1.215, p(one-tailed) = .112),
whereas it was significant in fear learning group participants
in the sham condition (fear learning group/sham: rg,e,.
man = —-027, p = .003; Figure 6a). As expected, this signifi-
cant correlation was abolished by tVNS (fear learning group/
tVNS: rgpearman = —-146, p = .539; Figure 6b; between group
comparison of both correlations was significant z = —1.718,
p(one-tailed) = .043).

In contrast to the acquisition training, however, we also
found that earlier onset of cardiac deceleration (i.e., lower
early decelerative and accelerative component scores

between 1 and 5 s after stimulus onset) was significantly cor-
related with increased startle potentiation during the CS (DI:
Fspearman (80) = —.224, p = .046; Al: royeuman (80) = —.363,
p < .001; Figure 5¢,d), whereas not being related to CS-US
expectancy ratings (DI rgpearman (80) = —.082, p = 47T1;AL
Tspearman (80) = —.140, p = .216; Figure 5f,g). However, com-
paring both correlations for significant differences, there
were no significant differences for D1 (z = —1.06, p(one-
tailed) = .144; Figure 5c,f), whereas the correlation between
Al and startle potentiation was significantly stronger than
the correlation between A/ and shock expectancy ratings
(z = —1.72, p(one-tailed) = .043; Figure 5d,g).

4 | DISCUSSION
Prolonged cardiac deceleration has commonly been inter-
preted as an index of increased orienting toward motivation-
ally significant stimuli (Bradley, 2009), but not necessarily
also indexing defensive responding and fear (see Lonsdorf
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during extinction training for the fear learning group receiving sham stimulation (a) and tVNS (b). Asterisks indicate statistical significance of

correlations with *p < .05, **p < .01, and ***p < .001

et al, 2017 for a review). However, previous research
has consistently found cardiac deceleration during atten-
tive immobility (freezing), a defense strategy toward distal
threats when easy escape is blocked (Hamm, 2020; Krause
et al., 2018; Low et al., 2015; Marks, 1987; Roelofs, 2017).
Following up on this research, we investigated cardiac re-
activity as an index of defensive responding by applying a
single-cue multiple-day human fear conditioning and ex-
tinction protocol. Transcutaneous vagus nerve stimulation
(tVNS)—a non-invasive brain stimulation technique which
has proven to facilitate the reduction of defensive responding
during extinction compared with a sham stimulation of the ear-
lobe (Burger et al., 2016, 2017, 2018; Szeska et al., 2020)—
was used during extinction training as an additional proof of
concept. We found stronger cardiac deceleration during the
late phase of a conditioned stimulus predicting an approach-
ing threat. Such conditioned “fear bradycardia” (Campbell
et al., 1997) was significantly associated with potentiation of
the startle response—a low level protective brain stem re-
flex (Davis, 2006), suggesting that human fear conditioning
evokes a defensive response pattern that can best be charac-
terized as attentive immobility, a defensive strategy observed
in animals when withdrawal from danger is not possible or
helpful (Marks, 1987). TVNS promoted the extinction of this
conditioned defensive response pattern including a decou-
pling of the autonomic and protective reflex indices of the
conditioned response.

In fact, the presentation of the conditioned stimulus
evoked prolonged heart rate deceleration during both acqui-
sition and extinction training in all participants, regardless
of whether they underwent a fear conditioning protocol (fear
learning group) or not (control group). Previous studies con-
sistently found such prolonged cardiac deceleration in con-
texts involving perceptual processing and, thus interpreted
heart rate deceleration as an index of increased orienting
toward informative or motivationally significant stimuli
(Bradley, 2009; Graham, 1979; Graham & Clifton, 1966;
Lacey & Lacey, 1970). Accordingly, our data indicate that
both groups showed increased orienting toward relevant stim-
uli, either threat- (fear learning group) or safety-signaling
(control group).

As expected, both groups did not differ in the early decel-
erative component of CS-evoked cardiac changes (D1; initial
2 s after stimulus onset), supporting previous notions that
this component of conditioned cardiac responding might be
considered as a reflexive index of stimulus registration oc-
curring in response to any low- or moderate-intensity stim-
ulus regardless of repetition or motivational significance
(Bradley, 2009; Graham, 1987). Correspondingly, this early
decelerative responding did not correlate with startle poten-
tiation or shock expectancy ratings during conditioning, did
not extinguish and was not affected by tVNS.

Importantly, however, both groups in fact differed in the
strength of prolonged cardiac deceleration. The fear learning
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group displayed stronger cardiac deceleration compared with
controls, which was more evident later during CS presen-
tation (D2 component) both during acquisition and extinc-
tion. The strength, and during extinction also earlier onset,
of this heart rate deceleration was positively correlated with
the potentiation of the startle response. In animal studies,
heart rate deceleration correlated with behavioral freezing
(Walker & Carrive, 2003), and in two other studies behav-
ioral freezing was associated with startle potentiation in rats
(Leaton & Borszcz, 1985; Plappert et al., 1993). In humans,
mean cardiac deceleration during anticipation of shock
was associated with mean decrease in body sway (Gladwin
et al., 2016). The data of the current experiment, thus, com-
plement the picture in showing a significant relationship be-
tween heart deceleration and startle potentiation and suggest
that in humans—Iike in other animals — the same pattern
of attentive immobility is evoked during the anticipation
of a mild but aversive, inevitable unconditioned stimulus.
Supporting this view, our data show that cardiac decelera-
tion was strongest immediately prior to the delivery of the
inevitable threat, thus mirroring findings from Low et al.
(2015) and Krause et al. (2018), which suggested that at-
tentive immobility becomes stronger with increasing immi-
nence of an inevitable threat. Moreover, during conditioning
such late cardiac deceleration has shown to be particularly
robust despite the effects of the presented startle probes,
which previously have found to cause transient heart rate ac-
celeration (Chen et al., 2014; Cook et al., 1992).

Furthermore, as the association between heart rate decel-
eration and startle potentiation was stronger compared with
the correlation between cardiac deceleration and CS-US ex-
pectancy ratings, the correlational pattern of the data implies
that cardiac deceleration and startle potentiation are both in-
dices of the same defensive response strategy that is activated
independently of the explicit declarative knowledge of the
exact contingencies. In fact, this is in line with previous ani-
mal research, showing that cardiac deceleration in the face of
an inevitable threat is driven by subcortical projections from
the central nucleus of the amygdala (CeA) to the midbrain
ventrolateral periaqueductal gray (VIPAG), which are also
involved in the mediation of behavioral freezing and startle
potentiation during threat processing (Applegate et al., 1983;
Choi & Brown, 2003; Davis, 2006; Fendt & Fanselow, 1999;
LeDoux, 1995; LeDoux et al., 1988; Walker & Carrive, 2003).
This view is further supported by genetic research, showing
increased threat-induced connectivity between the amygdala
and PAG along with stronger heart rate deceleration during
the presentation of a threat-predicting CS in carriers of the
short allelic variant of the S-HTTLPR (serotonin transporter-
linked polymorphic region; Schipper et al., 2019). Individuals
carrying this genetic variant also showed increased potentia-
tion of the startle response during fear conditioning relative
to l-allele carriers (Lonsdorf et al., 2009).
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Animal research further showed that the CeA is inhibited
by the basolateral amygdala and ventromedial prefrontal
cortex during extinction learning, resulting in successive
attenuation of attentive immobility — a process, which may
be facilitated by stimulation of vagal afferents (Amano
et al., 2010; Dunsmoor et al., 2015; Ehrlich et al., 2009;
Pefia et al., 2013, 2014). In sham-stimulated subjects,
consequently, cardiac deceleration declined throughout
extinction, although it did not fully extinguish, indicating
a well consolidated fear memory which can possibly be
attributed to partial CS reinforcement during initial fear
conditioning (Hilton, 1969; Lonsdorf et al., 2017) and fol-
lowing a 24 hr memory consolidation period until extinc-
tion training began (Norrholm et al., 2008). TVNS, on the
other hand, resulted in a faster attenuation of cardiac de-

celeration early during extinction, reflecting both its mem-
ory enhancing and anxiolytic effects (Noble et al., 2019)
and also abolished the significant correlation between car-
diac deceleration and startle potentiation. Importantly, the
attenuation of cardiac deceleration was not accompanied
by elevated levels of sympathetic nervous activity, as in-
dicated by the SCL changes during extinction. These data
suggest that the extinction of cardiac deceleration proba-
bly results from inhibition of parasympathetic heart rate
control, driven by inhibition of the Ce A-PAG neural freez-
ing circuit—a process which may further be facilitated
by tVNS. Previous research proposed that the defensive
response pattern during attentive immobility (freezing) is
primarily parasympathetically dominated (Roelofs, 2017)
and, thus, our data again foster the view that cardiac de-
celeration functions as an autonomic expression of such
defensive responding.

Importantly, cardiac responses to threat-signaling stim-
uli might therefore critically distinguish between different
modes of fear-related defensive responding. As previous
research indicated and is supported by our study, distal
and inevitable threats elicit a defensive response pattern
of parasympathetically dominated attentive immobility
defined by fear bradycardia, during which orienting to
and monitoring the source of danger is the best strategy
to ensure survival, as it allows optimal preparation for de-
fensive action in case threatening confrontation becomes
increasingly imminent (see Roelofs, 2017). However, if the
threat-signaling cue has become sufficiently imminent and
defensive action is required to ensure survival, the defen-
sive response pattern switches and the organism is under
sympathetic control, defined by cardiac acceleration to
support flight or fight (Cannon, 1929; Eilam, 2005; Lang
et al., 1997, 2000; Lang & Davis, 2006; Roelofs, 2017).
Moreover, using cues that are more complex or motiva-
tionally significant (i.e., facial expressions or pictures
of snakes and spiders) might also activate cardiac accel-
eration (Hamm et al., 1993; Hodes et al., 1985) whereas
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simple geometric figures as used in the current experiment
evoke a constant cardiac deceleration in anticipation of the
shock. More importantly, although both attentive immo-
bility (freezing) and active withdrawal are defensive states
accompanied by the feeling of fear (see Hamm, 2020 and
Mobbs et al., 2009), the switch from parasympathetic fear
bradycardia to sympathetic cardiac acceleration might
therefore mark a transition of defensive strategies. We,
thus, want to encourage future research on human fear
to include threat-related heart rate changes into analyses,
which possibly yield valuable information about the actual
defensive state of the organism.
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Figure S1. (a) Mean D2 component score (slowest half-
second between 5 and 7 s after CS onset) during the acqui-
sition training, depicted for trials during which no startle
probe was administered (non-probed trials) and for trials
during which startle probes were delivered (probed trials).
(b) Mean D2 component score for non-probed and probed
trials for both the control group (blue bars) and the fear
learning group (red bars) during the acquisition training.
Error bars, when depicted, represent standard error of the
mean. Asterisks indicate statistical significance of cor-
relations, with * for p < .05, ** for p < .01 and *** for
p <.001

Figure S2. (a) Mean D2 component score (slowest half-
second between 5 and 7 s after CS onset) during the extinc-
tion training, depicted for trials during which no startle probe
was administered (non-probed trials) and for trials during
which startle probes were delivered (probed trials). (b) Mean
D2 component score for non-probed and probed trials for
both the control group (blue bars) and the fear learning group
(red bars) during the extinction training. Error bars, when de-
picted, represent standard error of the mean. Asterisks indi-
cate statistical significance of correlations, with * for p < .05,
** for p < .01 and *** for p < .001
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Supplementary Figure 1. (a) Mean D2 component score (slowest half-second
between 5 and 7 s after CS onset) during the acquisition training, depicted for trials
during which no startle probe was administered (non-probed trials) and for trials
during which startle probes were delivered (probed trials). (b) Mean D2 component
score for non-probed and probed trials for both the control group (blue bars) and the
fear learning group (red bars) during the acquisition training.

Error bars, when depicted, represent standard error of the mean. Asterisks indicate
statistical significance of correlations, with * for p < .05, ** for p < .01 and *** for p <

.001.
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Supplementary Figure 2. (a) Mean D2 component score (slowest half-second
between 5 and 7 s after CS onset) during the extinction training, depicted for trials
during which no startle probe was administered (non-probed trials) and for trials
during which startle probes were delivered (probed trials). (b) Mean D2 component
score for non-probed and probed trials for both the control group (blue bars) and the
fear learning group (red bars) during the extinction training.

Error bars, when depicted, represent standard error of the mean. Asterisks indicate
statistical significance of correlations, with * for p < .05, ** for p < .01 and *** for p <

.001.
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of human fear responses by non-
invasive transcutaneous vagus
nerve stimulation during extinction
training

Christoph Szeska", Jan Richter®?, Julia Wendt®?, Mathias Weymar? & Alfons O. Hamm?

Inhibiting fear-related thoughts and defensive behaviors when they are no longer appropriate to

the situation is a prerequisite for flexible and adaptive responding to changing environments. Such
inhibition of defensive systems is mediated by ventromedial prefrontal cortex (vmPFC), limbic
basolateral amygdala (BLA), and brain stem locus-coeruleus noradrenergic system (LC-NAs). Non-
invasive, transcutaneous vagus nerve stimulation (tVNS) has shown to activate this circuit. Using a
multiple-day single-cue fear conditioning and extinction paradigm, we investigated long-term effects
of tVNS on inhibition of low-level amygdala modulated fear potentiated startle and cognitive risk
assessments. We found that administration of tVNS during extinction training facilitated inhibition of
fear potentiated startle responses and cognitive risk assessments, resulting in facilitated formation,
consolidation and long-term recall of extinction memory, and prevention of the return of fear. These
findings might indicate new ways to increase the efficacy of exposure-based treatments of anxiety
disorders.

Learning to inhibit defensive responses to cues which are no longer associated with aversive events is crucial
for flexible and appropriate responding towards changing environments'. During such extinction learning the
previously acquired association is not erased from memory, rather the organism has to learn to actively inhibit
the previously acquired response - in this case — a fear response®®. There has been extensive research to delineate
the neural systems underlying this inhibitory learning process. These efforts have pointed out the crucial role of
two interconnected brain regions inhibiting the activity of the central nucleus of the amygdala, the key structure
orchestrating fear responses:*- the basolateral complex of the amygdala (BLA) and the ventromedial prefrontal
cortex (vmPFC)*!!. While activity of the BLA is involved in the acquisition and consolidation of extinction mem-
ory>®!2, increased activity of the vmPFC is found during recall of extinction memory, pinpointing its importance
for the long-term inhibition of defensive responses'>!*.

Invasive peripheral stimulation of the vagus nerve leads to specific noradrenergic activation of both the
BLA and vmPFC, by way of activating its afferent projections via the nucleus tractus solitarius to the locus
coeruleus-noradrenergic system (LC-NAs)">~"7. Consequently, invasive stimulation of vagal afferents resulted
in enhanced inhibition of defensive freezing during fear extinction learning and promoted extinction memory
consolidation and recall in rodents'®-?, presumably by increasing the activity in the BLA-vmPFC pathway'$%.
Transcutaneous vagus nerve stimulation (tVNS) serves as a non-invasive equivalent, activating the same brain
regions as its invasive counterpart by stimulation of the cymba conchae of the human auricle - a skin area exclu-
sively innervated by the vagus nerve??%. However, transfer from the promising animal findings to humans was
only partly successful. While tVNS enhanced extinction of cognitive risk assessments in humans (US expec-
tancy ratings)*»**, no effect of tVNS was found for behavioral or physiological measures of fear*-?*. One rea-
son for these mixed findings might be, that previous human research used the same fixed and rather low tVNS
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intensities for each participant?*=?, not taking individual differences in sensitivity into account that might have
resulted in reduced stimulation of the vagus nerve in some subjects. More important, most of these human stud-
ies used differential-cue conditioning tasks, while aversive single-cue conditioning was used in animal research.
Differential-cue conditioning, however, requires more complex discriminative learning during both acquisition
and extinction probably involving other neural circuitry®-2,

Thus, in the current study we investigated the impact of individually adjusted tVNS on extinction learning
in humans using such a single-cue conditioning and extinction paradigm, closely adapted to previous animal
research'®'°. This protocol requires between-subject comparisons of conditioned responses between a fear learn-
ing group, in which the CS is repeatedly paired with the unconditioned stimulus (US) and a control group, in
which the CS is presented explicitly unpaired with the US?*”?. Consequently, participants of the fear learning
group are expected to acquire conditioned fear responses to the CS, which should extinguish during extinction
training. Participants of the control group are expected not to show any conditioned responses to the CS*, thus
being unaffected by an extinction training. Consequently, this single-cue conditioning design allows to distin-
guish conditioned fear, which should only develop in the fear learning group, from elevated general defensive
alertness due to the mere presentation of the US, which may also be observed in the control group. Hence, the
design further allows to disentangle potential fear reducing effects of tVNS due to facilitated extinction of condi-
tioned fear, which should only be observed in the fear learning group. In contrast a reduction of general defensive
alertness by tVNS, should be also observed in the control group.

We presumed tVNS to improve the extinction of cognitive and behavioral indices of fear only in the fear
learning group, but not in the control group. Moreover, based on animal findings, we hypothesized that tVNS
would also facilitate the recall of fear extinction memory in the fear learning group, but not in the control group®.
Finally, we also wanted to investigate whether tVNS would also reduce the return of fear after reinstatement.
Indeed, even a fully extinguished fear response can be reinstated after re-experiencing the threatening event>*!%,
likely contributing to relapses after successful exposure therapy*>*%. If tVNS would reduce reinstatement of fear,
long-term efficacy of exposure-based treatments might be augmented using this neuroscience-based intervention.

Results

TVNS was applied in a 2 x 2 between-group design with fear learning (group: fear learning vs. control) and type
of stimulation (stimulation: stimulation of the cymba conchae [tVNS] vs. sham stimulation of the earlobe) as two
between subject factors (for a linear depiction of the experimental phases please see Fig. 1).

During acquisition training (session 1) subjects of the fear learning group (n =40) received sixteen paired
presentations of a single visual cue (conditioned stimulus, CS; geometric figure on a black background) with an
aversive electrical shock (unconditioned stimulus, US) during 12 of the 16 trials (75% reinforcement rate). In the
control group (n =40) the CS was also presented sixteen times but explicitly unpaired with the US, which was
presented 12 times during the inter-trial intervals (ITL; black screen).

Extinction training started 24 hours later (session 2), where the CS was now presented without the US in all
groups. Half of the subjects of each group underwent extinction training receiving individually adjusted trans-
cutaneous stimulation of the cymba conchae (tVNS; =20 of the fear learning and n = 20 of the control group),
while the other half of both groups was given individually adjusted sham stimulation of the earlobe, not stimu-
lating any vagal afferents®? (see Fig. 1). Allocation to the stimulation condition (tVNS vs. sham stimulation) was
randomized and its administration single-blind sham controlled (see also Methods).

Twenty-four hours after extinction training (session 3), subjects underwent a subsequent extinction test,
during which the CS was presented 16 times without the US, followed by a reinstatement procedure (US was
presented alone on three successive trials) and a reinstatement test session (16 CS presentations without US) to
investigate the effects of tVNS on short-term extinction memory recall and the effect of tVNS on reinstatement
of fear.

Long-term effects of tVNS were tested approximately 28 days after the third assessment (session 4), using the
same procedure as during session 3.

We assessed shock expectancy ratings as an index of cognitive risk assessments and the potentiation of the
startle-eyeblink reflex elicited by a white noise probe stimulus (95dB, 50ms) — a low level brainstem reflex
reflecting fear in humans and other animals as it is indexing amygdala-dependent automatic freezing>-3%.
Correspondingly, potentiation of startle responses during CS trials compared to ITTs reflects the level of fear
elicited by the CS.

Between-group single-cue fear conditioning results in stable conditioned fear responses in a
fear learning group, but not in a control group (session 1; acquisition training). Acquisition
training established a reliable fear response in all response systems in the fear learning group but not in the
control group. This was indicated by increasing shock expectancy ratings from the start to the end of acquisition
training and increased startle potentiation during CS presentations relative to the ITI at the end of the acquisition
training in the fear learning, but not in the control group, which in contrast showed decreasing shock expectancy
ratings and a lack of potentiation of the startle response during the CS (trials x group, F, ,s="71.13, P<0.001,
1, =0.48; see Fig. 2a, b; potentiation x group, F; 53 =20.08, P <0.001, 7%, = 0.08; see Fig. 2c, d). As expected,
no differences were found between stimulation groups (tVNS vs. sham stimulation) in shock expectancy rat-
ings (stimulation, stimulation X group, trials x stimulation, trials % stimulation x group, all Fs < 1, all Ps>0.33)
or fear potentiated startle responses (potentiation x stimulation, potentiation x trials x stimulation, potentia-
tion x group x stimulation, potentiation X trials x group x stimulation, all Fs < 1.1, all Ps>0.31).

Transcutaneous vagus nerve stimulation facilitates initial extinction learning (session 2; extinc-
tion training). Throughout the extinction training 24 hours later, shock expectancy ratings were still elevated
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Figure 1. Schematic representation of an experimental trial and the experimental procedure of the single-cue
fear conditioning and extinction paradigm. Upper Panel (a): Schematic representation of an experimental trial.
Each trial started with a shock expectancy rating, where the CS was presented in smaller size and participants
were instructed to rate the probability that this cue would be followed by the shock during the upcoming trial
(English translation of the German instruction: “Next, this picture will follow. How likely do you think is it, to
receive an electrical shock during the upcoming presentation of this picture?”). This procedure is very much
comparable to the clinical procedure during exposure therapy, during which the patient is first asked to rate
the probability that the central concern might become true (e.g., fainting) before the exposure exercise begins.
Three seconds after completing the rating, the cue is presented in full size on the screen, making sure that the
physiological fear response is not affected by any simultaneous cognitive evaluation task. Acoustic startle probes
were presented both during the CS and ITIs. Lower Panel (b): Schematic representation of the experimental
procedure. During each experimental phase sixteen trials were presented. During acquisition training
participants of the fear learning group received twelve paired presentations of the conditioned stimulus and
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an electrical shock, while in the control group CS and shocks were presented explicitly unpaired (shocks only
during inter-trial intervals). During extinction training, the subsequent extinction test and long-term extinction
recall test no electrical shocks were presented. Both reinstatement tests started with three non-signaled
electrical shocks, followed by sixteen unreinforced CS presentations. Acoustic startle probes were presented
during the CS and ITIs throughout each experimental phase.

in the fear learning relative to the control group (group, F, ;o= 16.90, P<0.001, *,= 0.18; Fig. 3a, b). Moreover,
blink magnitudes elicited during the CS were also significantly potentiated relative to the ITI in the fear learning,
but not in the control group (potentiation x group, F, 145390 =31.77, P < 0.001, 72, = 0.03; see Fig. 3¢, d). These
results indicate a robustly consolidated fear memory.

Group differences diminished during course of extinction for expectancy ratings (group x trials, F;5 ;s =7.86,
P <0.001, 77, =0.09) but remained stable for startle potentiation (potentiation x group x trials, F < 1), indicating
that cognitive measures of fear adapt faster to changing stimulus outcome relationships compared to subcortically
low-level indicators of defensive freezing.

As expected, tVNS modulated extinction learning in the fear learning but not in the control group. Shock
expectancy ratings were significantly reduced in the fear learning group receiving tVNS compared to the sham
condition (stimulation, F, 33=7.13, P=0.011 nzp =0.16; see Fig. 3a), while tVNS had no overall effect in the
control group (stimulation, F < 1; see Fig. 3b). This differential effect of vagus nerve stimulation tended to be
stronger during the first half of extinction (group x stimulation, F, ;s=3.73, P=0.057, nzp =0.05; see Fig. 3a),
being strongest at the beginning of extinction training (significant interaction group x stimulation during trials
1-2; F, ;6=5.99, P=0.017, nzp =0.07; Fig. 3a), indicating rapid anxiolytic effects of tVNS right from the start of
extinction training.

At the end of extinction training, differences in shock expectancy between the fear learning and control group were
no longer evident in tVNS participants, while we found a trend for higher shock expectancy ratings in sham subjects of
the fear learning group compared to sham-controls (trials 15-16; group, F, 33=3.08, P=0.087, 77", = 0.08).

Besides robust fear potentiated startle throughout extinction training (Fig. 3c, d), participants of the fear
learning group receiving tVNS showed significantly reduced potentiation of the startle reflex at the end of extinc-
tion training in comparison to subjects receiving sham stimulation (see Fig. 4a, b). While blink magnitudes were
no longer potentiated during CS trials relative to ITI for the last two extinction trials in the fear learning group
receiving tVNS (trials 15-16; potentiation, F < 1; see Fig. 4a), potentiation persisted for fear learning group
receiving sham stimulation (trials 15-16; potentiation, F; j, ;3= 11.88, P=0.004, 1°, = 0.45, see Fig. 4a). As for
cognitive risk assessments, differences in fear potentiated startle responses between the fear learning and control
group were no longer evident in tVNS participants at the end of extinction training (last two probed trials; poten-
tiation x group, F 35,0=1.51, P=0.227; Fig. 4a, b), while sham subjects of the fear learning group still showed
higher fear potentiated startle responses compared to sham-controls (last two probed trials; potentiation x group,
F\3370=5.91, P=0.020, n?,=0.15; Fig. 4a, b). Thus, while declarative fear might have been reduced due to the
anxiolytic effects of tVNS right from the start of extinction training, tVNS boosted the extinction of behavioral
fear responses only late during extinction training.

TVNS-paired extinction facilitates the subsequent extinction of conditioned fear responses
after 24 hours (session 3; subsequent extinction test). Initial short-term recall of extinction memory
was unaffected by tVNS, both for cognitive risk assessments (trials 1-2; stimulation, stimulation x group, all
Fs <1, all Ps>0.49; see Fig. 5a, b) and potentiation of the startle responses (probes 1-2; potentiation x stimu-
lation, potentiation x group x stimulation, all Fs < 1.20, all Ps > 0.27; see Fig. 5¢, d). However, during the subse-
quent extinction test 24 hours later, we found that previous tVNS-paired extinction further facilitated extinction
learning in the fear learning group, indicated by a stronger decrease in shock expectancy ratings in the tVNS
relative to the sham condition (trials x stimulation, F5 5, =2.34, P=0.003, 7%, = 0.06; Fig. 5a). No such effect
was observed in the control group (trials x stimulation, F < 1.; Fig. 5b). This effect was even more pronounced for
potentiation of the startle response magnitudes, showing a significant group by stimulation by trials interaction
(potentiation x trials x group x stimulation, Fy 6545, = 2.02, P=0.023, 7, =0.01; Fig. 5¢, d). Thus, subsequent
extinction of fear potentiated startle responses was facilitated by previous tVNS-paired extinction in the fear
learning group relative to sham and this effect was not present in the control group (see also Supplementary
Fig. 2). In sum, these findings indicate that previous tVNS-paired extinction facilitated subsequent extinction in
both cognitive risk assessments and defensive brain reflex measures.

TVNS-paired extinction results in the prevention of behavioral reinstatement of fear (session 3;
reinstatement test1). As depicted in Fig. 6, re-experience of the aversive event (three repetitive US pres-
entations without CS) increased anxious apprehension and defensive response mobilization, as indicated by a sig-
nificant increase in shock expectancy (Fig. 6a, b) and blink magnitudes (Fig. 6¢, d) from the last two subsequent
extinction test trials to the first two reinstatement test I trials (reinstatement, Fs =48.72; 79.53; all Ps < 0.001, all
17, > 0.26 for shock expectancy ratings and blink magnitudes, respectively). Previous tVNS-paired extinction
training did not affect the reinstatement effect for shock expectancy ratings (trials x stimulation, trials x stimu-
lation x group, all Fs < 1.21, all Ps > 0.27). However, tVNS-paired extinction training resulted in significantly
reduced startle response sensitization relative to the sham condition in the fear learning group but not in the
control group (reinstatement x group x stimulation, F 5,4 56 =4.29, P=0.039, nzp =0.02; Fig. 6¢, d). Moreover,
while potentiation of the blink magnitudes during CS presentations relative to ITIs was reinstated in the sham
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Figure 2. Paired presentations of CS and US result in stable conditioned fear responses (fear learning group)
in comparison to explicitly unpaired presentations of CS and US (control group). Upper Panel (a and b):

Mean shock expectancy ratings at the start of acquisition training (first two trials averaged) and at the end of
the acquisition training (last two trials averaged) for the sham stimulation (blue) and tVNS condition (red)

in the fear learning group (a: left) and in the control group (b: right). Error bars represent the standard error
of the means (SEM). Participants of the fear learning group, receiving paired presentations of the CS and the
electrical shock, showed an increase in rated shock expectancy from the start to the end of acquisition training.
Participants of the control group, receiving explicitly unpaired presentations of the CS and the electrical shock,
showed a decrease in rated shock expectancy from the start to the end of acquisition training. Lower Panel

(c and d): Mean startle potentiation scores (standardized (T-scores) blink magnitudes elicited during the CS
minus standardized (T-scores) blink magnitudes elicited during the inter-trial intervals) averaged across the
magnitudes at the start of acquisition (first two probes in either condition (CS and ITT)) and at the end of
acquisition training (last two probes in either condition (CS and ITT)). Potentiation scores are presented for
sham stimulation (blue) and the tVNS condition (red) in the fear learning group (c: left) and in the control
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group (d: right). Again, error bars represent SEM. Participants of the fear learning group, receiving paired
presentations of the CS and the electrical shock, showed stable fear potentiated startle responses at the end of
the acquisition training. Participants of the control group, receiving explicitly unpaired presentations of the CS
and the electrical shock, did not show fear potentiated startle responses at the end of the acquisition training.

condition (potentiation, F; ;3=>5.75, P=0.028, nzp =0.24; Fig. 6¢), extinction of fear potentiated startle survived
reinstatement in the tVNS group (potentiation, F, ;g53=1.11, P=0.31; Fig. 4d).

After reinstatement, during the following reinstatement test I phase, shock expectancy ratings were still
elevated in the fear learning group relative to the control group (group, F, ;= 5.22, P=0.025, 7, = 0.06;
Supplementary Fig. 1). Moreover, blink magnitudes were significantly potentiated in the fear learning but not in
the control group (potentiation x group, F; ;54479 = 9.59, P=0.002, 7%, = 0.006; Supplementary Fig. 2), indicating
that the fear memory trace was still evident.

TVNS-paired extinction facilitates long-term recall of extinction memory (session 4;
long-term extinction recall test and reinstatement test Il).  Even after 28 days, the fear memory
trace was still evident, indicated by elevated shock expectancy ratings and startle potentiation in the fear learn-
ing group relative to the control group (group and potentiation x group, Fs=11.02; 11.05, all Ps < 0.05, all
1%, > 0.007 for shock expectancy ratings and blink magnitudes, respectively; see Fig. 7a-d). Initial long-term
recall of extinction memory was unaffected by tVNS, both for cognitive risk assessments (trials 1-2; stimu-
lation, stimulation x group, all Fs < 1.79, all Ps > 0.18; see Fig. 7a) and potentiation of the startle responses
(probes 1-2; potentiation x stimulation, potentiation x group x stimulation, all Fs < 2.45, all Ps > 0.12; see
Fig. 7¢). Importantly, participants who received tVNS, but not sham stimulation on day 2, showed better recall
of fear extinction memory during the long-term extinction recall test, 28 days after session 3. This was indi-
cated by stronger reduction of shock expectancy in the fear learning group receiving tVNS compared to the
sham condition (trials x stimulation, F;s 5,0 =1.97, P=0.016, 77217 =0.05; Fig. 7a). Moreover, extinction of the
potentiation of the startle response magnitudes in the fear learning group was again facilitated by previous (4
weeks ago) tVNS relative to the sham condition (potentiation x group X stimulation, F, 155565 = 5.09, P=10.024,
1721, =0.003; Fig. 7¢, d).

After 28 days, re-experience of the aversive event also led to a significant defensive sensitization, indicated by
a significant increase in shock expectancy and blink magnitudes from the last two long-term extinction recall
test trials to the first two reinstatement test II trials in the fear learning and the control group (reinstatement,
Fs=25.33;13.27; all Ps < 0.001, all 72, > 0.05 for shock expectancy ratings and blink magnitudes, respectively;
Supplementary Figs. 1 and 2). Importantly, differences between the fear learning group and the control group
were no longer significant in shock expectancy ratings (group, F, ;s = 3.64, P=0.060, 1>, = 0.01; Supplementary
Fig. 1) and startle potentiation (potentiation x group, F < 1; Supplementary Fig. 2), indicating fully extinguished
fear in the fear learning group.

Discussion

Using a multiple-day single-cue conditioning and extinction paradigm, adapted to the experimental protocols
used in animal studies'®!®, we found that an extinction training paired with transcutaneous vagus nerve stimu-
lation resulted in both rapid anxiolytic effects as well as a facilitation of fear extinction learning in comparison
to a sham stimulation. During the extinction training, anxiolytic effects were observed for cognitive indicators
of anxious apprehension (shock expectancy ratings), while tVNS facilitated the extinction of subcortically medi-
ated indicators of defensive freezing (fear potentiated startle response). Moreover, tVNS boosted the subsequent
extinction, as well as long-term recall of extinction memory and also prevented reinstatement of fear. Thus, our
findings provide evidence, that tVNS not only facilitates the inhibition of fear itself, but is also capable of facili-
tating further subsequent extinction of cognitive and behavioral indices of conditioned fear and long-term recall
of extinction memory in humans.

It has been repeatedly proposed that transcutaneous vagus nerve stimulation results in both anxiolytic effects
and enhanced cognitive flexibility in humans and rodents**-*2. In fact, our results support the hypothesis, that
tVNS promotes both an overall reduction of cognitive risk assessments and a flexible cognitive adaptation to
changing aspects of the environment. Accordingly, active tVNS significantly reduced cognitive risk assessments
relative to sham stimulation, when a cue was no longer predicting an aversive event. As this effect was strongest
early during extinction learning and was even evident right from the start of extinction training, we may assume
rapid anxiolytic effects, as proposed by previous rodent research*'. However, even more remarkable, although the
initial spontaneous recovery of fear after a passage of 24 hours has not been prevented by a tVNS-paired extinc-
tion training, it in fact promoted flexible cognitive adaptation and further facilitated the extinction of cognitive
risk assessments 24 hours later during a subsequent extinction test.

Extending these findings, that are also in line with previous human data from Burger and coworkers®*, we
also observed long-term effects of tVNS on recall of extinction memory. Again, although a spontaneous recov-
ery of fear after 28 days was not prevented by tVNS-paired extinction, these new finding suggest that tVNS may
also facilitate the reduction of long-term risk assessments by consolidating the extinction memory that a cue is
no longer associated with an aversive event. Since elevated expectations of aversive events in a certain context
seem to be important for motivating avoidance behavior*>* transcutaneous vagus nerve stimulation might be an
important adjunct to cognitive-behavioral exposure-based therapy, aimed to reduce persistent avoidance behav-
ior in patients with anxiety disorders.
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Figure 3. Transcutaneous vagus nerve stimulation facilitates fear extinction learning. Upper Panel (a and b):
Mean shock expectancy ratings averaged across blocks of two extinction trials for the sham (blue) and tVNS
condition (red) in the fear learning group (a: left) and in the control group (b: right). Error bars represent the
standard error of the means (SEM). Participants of the fear learning group receiving tVNS showed facilitated
reduction of fear in comparison to participants receiving sham stimulation (see a), indicated by a stronger
decrease in shock expectancy ratings. Extinction processes in control group participants were not modulated
by tVNS (see b). Lower Panel (c and d): Mean startle potentiation (standardized (T-scores) blink magnitudes
elicited during the CS minus standardized (T-scores) blink magnitudes elicited during the inter-trial intervals)
averaged across two probe stimuli presented during extinction training for the sham stimulation (blue) and
tVNS condition (red) in the fear learning group (c: left) and the control group (b: right). Again, error bars
represent SEM. We did not find effects of tVNS on the extinction of fear responses throughout the whole
extinction training in neither group. However, we found that tVNS boosted extinction of fear responses in the
fear learning group, but not the control group, late at the end of the extinction training (see Fig. 4).
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Figure 4. Transcutaneous vagus nerve stimulation boosts extinction of fear potentiated startle responses late
during extinction training. Mean startle potentiation scores (standardized (T-scores) blink magnitudes elicited
during the CS minus standardized (T-scores) blink magnitudes elicited during the inter-trial intervals) averaged
across the magnitudes elicited by the last two probes in either condition (CS and ITT) during extinction training.
Potentiation scores are presented for the sham stimulation (blue) and the tVNS condition (red) in the fear
learning group (a: left) and the control group (b: right). Error bars represent SEM. At the end of the extinction
training blink magnitudes were no longer potentiated during CS trials relative to ITT in the tVNS condition

of the fear learning group (a: red bar). However, potentiation persisted for fear learning group receiving sham
stimulation (a: blue bar). TVNS had no impact on fear potentiated startle responses in the control group

(b: right) at the end of the extinction training.

In contrast to previous human research?*-%°, we found that tVNS also promoted extinction of fear poten-
tiated startle responses, thus in line with animal findings showing that stimulation of vagal afferents pro-
moted extinction of defensive freezing'®-2°. One reason for this first successful translation to human research
might be, that we used individually adjusted intensity of vagal stimulation, presumably coping better with
participants’ individual differences in skin resistance. More importantly, we used a simple learning task highly
comparable to the one used in rodent research'®%’. In fact, using a single-cue conditioning and extinction
paradigm, we found that tVNS facilitated inhibition of fear potentiated startle during extinction training and,
more remarkably, during a subsequent extinction test after 24 hours. Most strikingly, tVNS improved recall
of extinction memory when tested after 28 days. While the fear learning group still showed elevated shock
expectancy ratings and potentiated startle during the conditioned cue in the sham condition, no such effect
was observed for the fear learning group receiving tVNS during initial extinction training. Finally, behavioral
reinstatement of fear was not only inhibited, but even prevented by tVNS, indicating enhanced consolidation
of extinction memory due to vagal stimulation.

Importantly the extinction of conditioned startle reflex potentiation took longer compared to the reduction
of shock expectancy ratings, suggesting that the extinction process of subcortically mediated defensive behaviors
might take more time than learning on a cognitive level, that the environment has changed. This is particularly
important for a better understanding of the mechanisms, that might be responsible for the behavioral return of
fear. The current data suggest, that it takes more trials to extinguish defensive action dispositions than cogni-
tive risk assessments. Correspondingly, behavioral fear reducing effects of tVNS took longer to evolve during
extinction training, indicating that behavioral fear reducing effects of tVNS boost extinction learning late during
extinction training. These data therefore suggest, that while tVNS might have an inherent anxiolytic effect on
cognitive fear responses, this effect may not be evident for low level behavioral indices of fear responses. It is
therefore even more remarkable, that the current findings indicate that tVNS facilitates long-term extinction of
defensive behavior in humans.

We want to further emphasize, that tVNS did not affect the startle responses of the control group during the
ITIs during extinction training and subsequent test sessions. Since the control group received US presentations
that were explicitly unpaired with the CS, such procedure might also have resulted in increased contextual anxiety
in this group, as the US occurred unpredictably during the ITI*>. However, as tVNS resulted in stronger effects
in the fear learning group, we may assume that the extinction enhancing effects of tVNS might be specific to the
extinction of cued fear, and may not affect the extinction of contextual anxiety, thus supporting previous work by
Genheimer and coworkers*.

Elaborating the mechanisms of action, animal data suggest that the stimulation of vagal afferents results
in specific noradrenergic activation of the basolateral amygdala (BLA) and the ventromedial prefrontal cortex
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Figure 5. TVNS-paired extinction facilitates subsequent extinction of fear 24 hours later. Upper Panel (a

and b): Mean shock expectancy ratings averaged across blocks of two subsequent extinction test trials for the
sham stimulation (blue) and tVNS condition (red) in the fear learning group (a: left) and in the control group
(b: right). Error bars represent SEM. Fear learning group participants who underwent extinction training
under tVNS showed facilitated subsequent extinction 24 hours after the extinction training, indicated by a
stronger decrease in shock expectancy ratings in the tVNS relative to the sham condition (see a). No such effect
was observed in the control group (see b). Lower Panel (c and d): Mean startle potentiation (standardized
(T-scores) blink magnitudes elicited during the CS minus standardized (T-scores) blink magnitudes elicited
during the inter-trial intervals) averaged across two probe stimuli presented during the subsequent extinction
test. Potentiation scores are presented for the sham stimulation (blue) and the tVNS condition (red) in the fear
learning group (c: left) and the control group (d: right). Again, error bars represent SEM. Subsequent extinction
of fear potentiated startle was accelerated by tVNS relative to sham (see ¢). No such effect was observed in the
control group (see d).
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Figure 6. TVNS-paired extinction training results in the prevention of behavioral reinstatement of fear. Upper
Panel (a and b): Mean shock expectancy ratings averaged across the last two subsequent extinction test trials
prior to reinstatement and the first two trials following reinstatement for the sham stimulation (blue) and tVNS
condition (red) in the fear learning group (a: left) and in the control group (b: right) Error bars represent SEM.
TVNS-paired extinction did not affect the reinstatement of fear responses 24 hours later in neither group. Lower
Panel (c and d): Blink magnitudes (standardized T-scores) elicited by the last two probes presented during

the CS or the ITI prior to reinstatement for the sham stimulation (blue shaded) and the tVNS condition (red
shaded) in the fear learning group (c: left) and the control group (d: right). Again, error bars represent SEM.
TVNS-paired extinction resulted in a prevention of behavioral reinstatement of fear, as fear potentiated startle

responses were only re-instated in the sham condition of the fear learning group, but not in the tVNS condition
(see c). Reinstatement of fear was not modulated by tVNS in the control group (see d).

(vmPFC)'>-"7, Human research indicates that tVNS also activates the BLA, the vmPFC and also the locus coer-
uleus®, the central hub for releasing noradrenaline located in the brainstem*®*’. These circuits are also involved
in extinction of conditioned fear responses”*!>*’. Thus, we may assume that tVNS facilitates fear extinction by
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Figure 7. TVNS-paired extinction facilitates long-term recall of fear extinction memory (28 days after the
subsequent extinction test). Upper Panel (a and b): Mean shock expectancy ratings averaged across blocks of two
long-term extinction recall test trials for the sham stimulation (blue) and tVNS condition (red) in the fear learning
group (a: left) and in the control group (b: right). Error bars represent SEM. Fear learning group participants who
underwent extinction training under tVNS showed accelerated long-term extinction recall extinction 28 days
after the subsequent extinction test, indicated by a stronger decrease in shock expectancy ratings in the tVNS
relative to the sham condition (see a). No such effect was observed in the control group (see b).

Lower Panel (c and d): Mean startle potentiation (standardized (T-scores) blink magnitudes elicited during the
CS minus standardized (T-scores) blink magnitudes elicited during the inter-trial intervals) averaged across two
probe stimuli presented during the long-term extinction recall test. Potentiation scores are presented for the
sham stimulation (blue) and the tVNS condition (red) in the fear learning group (c: left) and the control group

(d: right). Again, error bars represent SEM. Fear learning group participants who underwent extinction training
under tVNS showed accelerated long-term extinction recall extinction 28 days after the subsequent extinction
test, indicated by a stronger decrease in fear potentiated startle responses in the tVNS relative to the sham
condition (see a). No such effect was observed in the control group (see b).
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augmentation of noradrenergic signaling in the BLA and the vmPFC, presumably resulting in subsequent inhibi-
tion of the central nucleus of the amygdala by their projections to GABAergic intercalated cells*°. In fact, animal
research has shown that synaptic plasticity in the vmPFC-BLA pathway - probably critical for long-term fear
inhibition - is indeed modulated by vagus nerve stimulation'®2°. As our data also show improved (long-term)
extinction of conditioned fear after tVNS, the same mechanism of action might work in humans.

The current data suggest that tVNS may be a promising adjuvant for exposure-based treatments, the pre-
ferred strategy in treating anxiety disorders. Patients with anxiety disorders do show impairments in extinction
learning®"*2, probably contributing to the high percentage of relapses after exposure-based treatments and ther-
apy non-responders®>*°>>4 As tVNS resulted in anxiolytic effects as well as a facilitation of extinction learning
and long-term extinction recall, transcutaneous vagus nerve stimulation may be helpful to reduce the propor-
tion of therapy non-responders but might also be helpful to reduce relapses after successful therapy.

Methods
Subject details and ethical approval. Eighty subjects (23 men, 57 women), mainly chosen from the stu-
dent population of the University of Greifswald, ranging in age from 18 to 34 (M =22.75, SD = 3.46), participated
in the study.

Each participant gave her/his informed consent. All participants either received partial course credits or mon-
etary reward (34 €). This study was approved by the ethical committee of the German Society for Psychology
(“Deutsche Gesellschaft fiir Psychologie; DGPs”). The experiment was performed in accordance to relevant
guidelines and regulations.

Eligibility Criteria. Each participant underwent a screening interview by phone to check for in- and exclusion
criteria. All participants were assessed to be 18-35 years old with a body-mass-index in normal range (18.5 kg/m?
to 27kg/m?) and to be free from any current or previous medical condition or mental disorder (including nicotine
addiction) that would have affected any of the outcome measures or would have contraindicated the application
of tVNS (i.e., pregnancy checked by a pregnancy test prior to the study or electrical implants).

Randomization. Eligible participants were then randomly assigned to one of four groups: a fear learning
group (n=40) receiving either tVNS (n =20) or sham stimulation to the earlobe (n=20) and a control group
(n =40) receiving either tVNS (n=20) or sham stimulation to the earlobe (n=20). The sample size was deter-
mined based on previously published articles in the field of fear conditioning and extinction®.

Single-cue fear conditioning paradigm. It was recently noted, that fear conditioning and extinction
protocols often substantially differ between rodent and human research, which in consequence hampered the
scientific transfer®. We therefore used a multiple-day single-cue fear conditioning and extinction paradigm as it
is commonly used in rodent research (for further details, see Experimental procedure, see also Fig. 1).

Stimulus Materials
Conditioned stimulus (CS). A blue pentagon on a black background, displayed for 7.135s on a 24-inch
computer monitor with a pixel resolution of 1024 x 768, served as conditioned stimulus (see Fig. 1).

Inter-trial interval (ITI). A black screen, displayed for either 12, 14 or 16 s (M = 145) on a 24-inch computer
monitor with a pixel resolution of 1024 x 768, served as inter-trial interval (see Fig. 1).

Unconditioned stimulus (US; electrical stimulation).  An individually adjusted electrical shock served
as unconditioned stimulus and was delivered by an S-48K stimulator (Grass instruments) and characterized by
a 625 ms period of stimulation, consisting of 125 single pulses with a duration of 2ms each and a 3 ms break
between the stimuli. The average US intensity for the tVNS condition was 3.41 mA (SD =1.53) and 3.44 mA
(SD =1.47) for the sham condition. No significant difference could be observed in US intensities between the
tVNS and sham condition (stimulation, group x stimulation, all Fs < 1.09, P >0.30).

Acoustic startle probe. A binaurally presented burst of white noise (95 dB, duration of 50 ms, rise/fall
time < 1ms) served as the acoustic startle probe stimulus.

Transcutaneous vagus nerve stimulation (tVNS). The tVNS stimulation device (CMO2, Cerbomed,
Erlangen, Germany) was located in the left auricle where two titan electrodes were placed in one of two posi-
tions: In the group receiving active vagus nerve stimulation (tVNS) the electrodes were placed in the cymba
conchae, an area exclusively innervated by the auricular branch of the vagus nerve (ABVN)?, hence stimulat-
ing only vagal afferents. In the group receiving a sham stimulation the electrodes were positioned in the center
of the ear lobe, an area free of vagal innervation since it is innervated by the great auricular nerve (GAN). The
stimulation was delivered during the whole extinction training (session 2), applying a 30s ON and 30 s OFF
procedure with a pulse width of 200-300 ps at a rate of 25 Hz. To ensure the activation of the ABVN or GAN,
the stimulus intensity of the stimulation was set to be clearly perceived but with no associated discomfort. All
participants therefore underwent a stimulation workup prior to the first extinction training on session 2, where
they adjusted the stimulation intensity on their own to be perceptible but below the pain threshold. The average
stimulation intensity for both groups was 2.28 mA (SD =1.13) for the tVNS and 2.53 mA (SD =1.11) for the
sham condition. No significant difference could be observed in stimulation intensities between the tVNS and
sham condition (stimulation, group X stimulation, all Fs < 1.31, all Ps > 0.25). Stimulation was administered
for approximately 10 min.
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Experimental Procedure

Experimental setting. During each session the participants sat in a dimly lit, sound-attenuated room
1.45m in front of a computer monitor. First sensors were attached for recording physiological signals as well
as the electrodes to deliver the electrical shock (at the non-dominant hand’s wrist). A shock workup procedure
followed, in which the intensity of the US was individually set at a level the participant defined to be clearly
unpleasant, but not painful®’. Then participants were instructed that during the subsequent learning sessions
(acquisition training, extinction training, subsequent extinction test with following reinstatement test I or long-
term extinction recall test with following reinstatement test II), the CS, the US and acoustic startle probes may be
presented at any time without any explicit information with regard to the contingencies. Each learning session
began with a 74 s startle habituation phase, where 6 acoustic startle probes (95 dB, duration 50 ms) were presented
repetitively to adapt startle magnitudes to a stable baseline.

Acquisition training (session 1). During the acquisition training the CS was presented 16 times, with a
respective duration of 7.135s and an inter-trial interval of 12, 14 or 16 s (M = 145, see stimulus materials). To
establish a robust and reliable fear response and to increase resistance to extinction, the electrical shock (US)
was delivered during the CS in 12 out of 16 trials in the fear learning group (reinforcement rate: 75%). Electrical
shocks lasted for 625 ms and were delivered 6.5 s after CS-onset. In the control group 12 shocks were explicitly
unpaired with the CS presentation and delivered during the inter-trial intervals (ITI) to ensure that sensitization
effects did not differ between groups (US onset of 3, 4, 5, 6,7, 8, 11 or 12 s after ITI onset (M =6.98s)). Acoustic
startle probes were presented during the CS in 12 out of 16 trials in both the fear learning and control group either
4.5,5 or 5.5s after CS onset (M =5s). Moreover, 12 probes were presented during the inter-trial intervals in 12 out
of 16 trials in both the fear learning and control group either 6, 7 or 8s after ITI onset (M=7s).

Extinction training (session 2). The second day of investigation took place 24 +/— 4 hours after
the acquisition training. After refitting the electrodes for physiological recording and US-delivery, tVNS/
sham stimulation was applied. The participants were instructed to adjust the transcutaneous vagus nerve/
sham stimulation intensity to be perceptible without being painful starting with an intensity of 0.1 mA.
Participants were required to rate their subjective sensation of the stimulation intensity after each adjust-
ment of 0.1 mA on a visual 11-point scale, ranging from nothing (0), light tingling (3), strong tingling (6)
to painful (10). The tVNS workup lasted until the participants reported a “tingling” sensation of 8, after
which they underwent a 30 s ON and 30 s OFF stimulation protocol to experience the stimulation as it
would be during the extinction training®’. If the participant still reported a sensation of 8 after the protocol,
the adjusted intensity was used during extinction training. Then participants were instructed that the ses-
sion would begin with a 3-minute period to adjust to the tVNS and sham stimulation before CSs, USs and
acoustic startle probes might be presented again as during the previous day. Again, no explicit references
to the contingencies were made, i.e., participants were not informed that the US was no longer going to be
delivered during the following extinction training. The CS was presented 16 times without any US. Acoustic
startle probes were presented similar to session 1 (see Fig. 1).

Subsequent extinction test and reinstatement test | (session 3).  The subsequent extinction test
took place 24 4/- 4 hours after the extinction training. After electrodes for physiological recordings and stim-
ulation were attached, participants were again instructed as prior to the extinction training. During the subse-
quent extinction test the CS was presented 16 times without any presentation of the US. Then the reinstatement
procedure (reinstatement test I) followed during which the US was presented repetitively three times without
any CS. However, the background color of the monitor changed to grey in order to exclude conditioning to the
background color of the monitor during the ITI. Afterwards the CS was presented again for 16 trials without any
presentation of the US (see Fig. 1).

Tests for long-term extinction recall and reinstatement test Il (session 4).  Approximately 28 days
(M =28.26, SD = 3.46) after the third session, with a minimum interval of 21 days, the same procedure as on
session 3 was repeated (see Fig. 1) to assess long-term recall of extinction memory.

Assessments

Shock expectancy ratings. Prior to each CS presentation, participants were asked to rate their subjective
expectancy of US occurrence during the upcoming CS presentation on a continuous 11-point rating scale (rang-
ing from “0%” to “100%”) by shifting a red cursor and pushing the left mouse button (see Fig. 1). During this
rating procedure, the CS was presented in smaller size and participants were instructed to rate the probability, that
this cue would be followed by the shock during the upcoming trial. This procedure is very much comparable to
the clinical procedure during exposure therapy, during which the patient is first asked to rate the probability that
the central concern might become true (e.g., fainting) before the exposure exercise begins. Three seconds after
completing the rating the conditioned stimulus is presented in full size on the screen. Thus, we made sure that the
physiological fear response is not affected by a parallel cognitive evaluation task.

Startle eyeblink response. To measure the eyeblink component of the startle response as an amygdala-
dependent indicator of defensive freezing, the electromyographic activity was recorded using two electrolyte filled
(Marquette Hellige, Freiburg, Germany) Ag/AgCl miniature surface electrodes (3 mm diameter, Sensormedic,
Yorba Linda, CA) attached over the orbicularis oculi muscle underneath the left eye. The EMG signal was ampli-
fied by a Coulbourn S75-01 amplifier and filtered with a 30 Hz high-pass and a Kemo LEM-VBF8-03 400 Hz
low-pass filter (smoothing the rectified signal with a time constant of 10 ms). Digital sampling was carried out at
a rate of 1000 Hz between 100 ms before and 400 ms after the onset of the startle probe. Startle eyeblink responses
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were scored semi-automatically using a computer program®?, identifying blink onset and peak amplitude. Valid
startle response was scored, if blinks started 20-120 ms after the onset of the acoustic startle probe and peaked
within 150 ms with a minimum amplitude of 1.954 pV. If no blink was detected in the defined time window, the
trials were scored as zero responses. Trials with clear movement artifacts or excessive baseline shifts were set as
missings®’. Raw blink magnitudes were standardized individually for each participant using a z-score transforma-
tion. Subsequently, these standardized responses were converted to T-scores (50 4 (z x 10)) for each participant
individually. Thus, we made sure that every participant contributed equally to the groups’ mean. As the stimu-
lation device for tVNS and sham stimulation produced some noise during extinction training on session 2, only
trials were scored, if no stimulation artifacts could be obtained. For acquisition training (session 1), 2.2% of all
probed trials were set as missing (M = 0.66) and 0.5% were scored as zero responses (M =0.15). For extinction
training (session 2), on average 31.2% of all probed trials were set as missing (M =9.38; higher rate of missings
due to tVNS induced noise) and 0.3% were scored as zero responses (M = 0.09). For the subsequent extinction
test (session 3), 4.1% of all probed trials were set as missing (M = 1.25) and 1.4% were scored as zero responses
(M =0.43). For short-term reinstatement test I (session 3), 4.5% of all probed trials were set as missing (M = 1.35)
and 3.2% were scored as zero responses (M = 0.96). For long-term extinction recall test (session 4), 3.5% of all
probed trials were set as missing (M = 1.06) and 1.4% were scored as zero responses (M = 0.43). For reinstatement
test II (session 4), 4.4% of all probed trials were set as missing (M = 1.33) and 3.5% were scored as zero responses
(M=1.05). So, except for extinction training (during which stimulation induced more noise) proportion of miss-
ing data were below 5% during all phases of the experiment.

Electrocardiogram and skin conductance level. We also recorded an electrocardiogram (ECG) and
the skin conductance level (SCL) for all experimental sessions. However, the focus of this manuscript firstly
lies on the translation of the extinction enhancing effects of vagal stimulation on behavioral indicators of fear,
which were found in rodents'3-?°. Second, we wanted to replicate previous results in humans, showing extinction
enhancing effects of tVNS on cognitive indicators of fear®-?°. Thus, the ECG and SCL data are out of this manu-
script’s scope.

Statistical analyses and graphical representation. Shock expectancy ratings and startle response
magnitudes were analyzed using linear mixed regression models with only fixed effects included and an
underlying compound symmetry covariance matrix, offering a flexible and powerful analysis of the repeated
measures data with missing values. This type of linear mixed regression was chosen, because it is identical to a
repeated-measures ANOVA model, the common strategy of analysis for physiological data with multiple time
points, with the advantage of also including participants with missing values®*®!, thus, providing stronger com-
parability to previous fear conditioning studies. Group (fear learning vs. control) and Type of Stimulation (tVNS
vs. sham) served as between-subject factors with Trials as within-subject factor. For analyses of startle response
magnitudes, the factor Potentiation (CS vs. inter-trial intervals) was included as an additional within-subject
factor. Partial Eta-squared was computed following recommendations by Lakens®2. We conducted the statistical
analyses using IBM SPSS Statistics 25. Microsoft Excel was used for creating the figures.

Data and software availability
The data, that support the findings of this study, are available from the corresponding author (Christoph Szeska
(christoph.szeska@uni-greifswald.de)) upon reasonable request.
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Supplementary Figure 1. Cognitive risk assessments during the multiple-day

single-cue fear conditioning and extinction paradigm.

Mean shock expectancy ratings during CS trials averaged across blocks of 2 trials,

during acquisition training (session 1), extinction training 24 hours later (session 2),

the subsequent extinction test 24 hours after extinction training (session 3),

reinstatement test | immediately following the subsequent extinction test (session 3),

the long-term extinction-recall test 28 days after the subsequent extinction test

(session 4) and reinstatement test || immediately following the long-term extinction

recall test for the sham stimulation (blue) and tVNS condition (red) of the fear

learning group (upper panel: a) and the control group (lower panel: b). Error bars

represent SEM.
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Supplementary Figure 2. Startle responses during the multiple-day single-cue
fear conditioning and extinction paradigm.

Mean blink magnitudes (T-scores) elicited during the CS and during inter-trial
intervals averaged in blocks across two startle probes during acquisition training
(session 1), extinction training 24 hours later (session 2), the subsequent extinction
test 24 hours after extinction training (session 3), reinstatement test | immediately
following the subsequent extinction test (session 3), the long-term extinction-recall
test 28 days after the subsequent extinction test (session 4) and reinstatement test Il
immediately following the long-term extinction recall test for the sham stimulation
(blue shaded lines; panels: a and c) and the tVNS condition (red shaded lines;

panels: b and d). Error bars represent SEM.
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Abstract

Eye movement desensitization and reprocessing (EMDR) therapy utilizes the
manipulation of eye movements to reduce affective distress during fear-exposure. Animal
research recently suggested the potential neural mechanism underlying these effects, by which
increased activity of the superior colliculus (SC), mediating visual attention, increases the
inhibition of the basolateral amygdala (BLA), mediating defensive plasticity.

We tested such mechanism in forty healthy humans using a multiple-day single-cue
fear conditioning and extinction paradigm. The activity of the SC during extinction was
experimentally manipulated by eye movements, as half of the participants executed saccadic
eye movements (7 = 20; major SC involvement), while the other half executed smooth eye
pursuits (n = 20; minor SC involvement). Low-level amygdala-mediated fear potentiated
startle responses, fear bradycardia, as well as cognitive risk assessments were analyzed.

Saccadic eye movements facilitated the extinction of low-level fear potentiated startle,
and higher saccadic accuracy and range positively correlated with stronger startle response
inhibition. Cognitive risk assessments were not affected by different eye movements.
However, during extinction recall, startle potentiation and fear bradycardia resurged and
partly reached levels obtained after fear acquisition. In contrast, cognitive risk assessments
were not elevated during extinction recall.

Within limitations, results support an inhibitory SC-BLA pathway in humans by
which eye movements may reduce low-level defensive responding, but not cognitive risk
assessments. On the other hand, manipulating eye movements during extinction learning
seems to impair extinction recall. Thus, increasing SC activity may enhance initial efficacy of

exposure treatment, but additional strategies seem necessary for sustained fear attenuation.

Keywords: extinction, startle potentiation, fear bradycardia, EMDR, saccades, pursuits
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1. Introduction

Since its first application in 1989, eye movement desensitization and reprocessing
(EMDR) has been proven an efficient psychotherapeutic regimen for post-traumatic stress
disorder (Bradley et al., 2005; Landin-Romero et al., 2018; Shapiro, 1989). During such
treatment, patients typically follow a moving object with their eyes (e.g., the therapist’s
finger), while recalling trauma-related and fear-eliciting memories, ultimately resulting in a
reduction of affective distress (Bradley et al., 2005; Landin-Romero et al., 2018). However,
despite its efficacy, the critical role of eye movements during trauma exposure remained
elusive and has been subject of contentious debates (Landin-Romero et al., 2018), until recent
rodent research explored the neural mechanisms that might be involved in the modulatory
effects of eye movement desensitization (Baek et al., 2019). Baek and colleagues (2019)
found stronger reduction of defensive freezing in mice during extinction learning, when the
presentation of a fear-eliciting stimulus was additionally paired with alternating bilateral
sensory stimulation (ABSS; a moving light). They hypothesized, that the superior colliculus
(SC), a midbrain structure critically involved in visual attentional processing (Leigh and Zee,
2015; Miiller et al., 2005), might be responsible for these effects. In fact, using optogenetic
methods, they found that increased extinction of freezing during sensory stimulation was
associated with increased SC firing, which is transmitted to the mediodorsal thalamus (MD)
and eventually leads to suppressed activity of the basolateral amygdala - the main hub
orchestrating plasticity of defensive responding (Amano et al., 2011; Baek et al., 2019; Herry
et al., 2008). Following up on these findings, the current study investigated whether ABSS
would also promote extinction of behavioral freezing in humans and whether this effect
would also be driven by increased SC activation.

Since we could not stimulate the SC using optogenetic methods in humans, we
intended to manipulate SC activation experimentally as an independent variable by

manipulating eye movements. Previous studies revealed, that the SC plays a major role in
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generating saccadic eye movements, with two different cell populations being crucial: Build-
up cells, which start to discharge when a visual stimulus becomes the target for a saccade, and
burst-cells, whose activity is related to the generation and termination of a saccadic movement
(see Leigh and Zee, 2015 for a review). Albeit a role of the SC in the generation of smooth
eye pursuits has been discussed as well, such involvement appears limited to its rostral part,
corresponding to the representation of the central visual field and containing fixation neurons
(Krauzlis, 2004; Leigh and Zee, 2015). Thus, we may assume, that the SC is stronger
involved in controlling saccadic eye movements compared to smooth eye pursuits (Krauzlis,
2004; Leigh and Zee, 2015) and in fact, electrical stimulation of the SC does interfere with
saccadic eye movements (Gandhi and Keller, 1999) but has little effect on smooth eye
pursuits (Krauzlis et al., 2012).

Following up on Baek and colleagues (2019), we therefore hypothesized that the
execution of saccadic eye movements during exposure towards a conditioned fear stimulus
(CS), previously paired with an aversive event (unconditioned stimulus; US), would result in
reduced freezing in humans relative to smooth eye pursuits. In addition, stronger inhibitory
effects were expected to be associated with higher saccadic accuracy (few stops during a
target jump) and range, as such eye movements have been linked to broader and more
enduring activity in the SC (Goossens and van Opstal, 2012; Leigh and Zee, 2015; Waitzman
et al., 1988). However, since eye movement manipulation should primarily suppress
autonomic and behavioral indicators of freezing, we did not expect similar inhibitory effects
on shock expectancy ratings, an indicator of cognitive risk assessment (LeDoux, 1995;
LeDoux and Pine, 2016; Weike et al., 2005).

To test our hypotheses, we manipulated eye movements (saccadic eye movements vs.
smooth eye pursuits) during the exposure towards a feared cue using a multiple-day single-
cue fear conditioning and extinction paradigm, closely adapted to rodent research and

particularly suited for examination of freezing in humans (Haaker et al., 2019; LeDoux,
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1995). Defensive freezing was assessed by measuring the potentiation of the startle response -
a primary protective brain stem reflex modulated by a circuit dependent on amygdala
signaling (see Davis et al., 2010 and Hamm, 2015 for reviews) - and cardiac deceleration
(fear bradycardia). Rodent and human research identified both responses as primarily
subcortically mediated amygdala-driven indicators of defensive responding in the face of
inevitable threat (Davis, 2006; Hermans et al., 2013; Kapp et al., 1979; Kuhn et al., 2019; see
Hamm, 2020 and Roelofs, 2017 for reviews). In fact, both responses have shown to be not
only correlated to each other (Szeska et al., 2021) but also to defensive freezing, the primary
behavioral index of fear in animal research (Leaton and Borszcz, 1985; Walker and Carrive,
2003). On the other hand, cognitive risk assessments (i.e., US-expectancy ratings) were
measured as a predominantly cognitive and, thus, cortically-mediated index of conscious

anxious apprehension (LeDoux, 1995; LeDoux and Pine, 2016; Weike et al., 2005).

2. Materials and Methods

2.1 Participants.

Fifty subjects, selected from a student population of the University of Greifswald, participated
in the study (mean age = 21.86, range = 18 to 31 years, 32 women). During a telephone
screening all participants reported to be 18-35 years old, have a body-mass-index in normal
range (18.5 kg/m? -27 kg/m?) and to be free from any previous or current medical or mental
condition (including nicotine addiction), which would have affected any of the outcome
measurements or would have caused problems with electrical stimulation. All participants
agreed on not using any medication around the time of experimental participation (i.e., one
week). Each participant stated non-impaired ability of hearing, eye movement and vision (in

general or by visual aid), gave her/his informed consent and either received partial course
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credits or a monetary reward (30 €). Eligible participants were randomly allocated to one of
two stimulation conditions, differing only in the applied protocol of alternating bilateral
sensory stimulation during extinction (session 2): smooth eye pursuit (z = 26) or saccadic eye
movement (n = 24). Allocation to either condition was single-blinded. Five participants were
excluded from final analyses due to technical problems during physiological recordings (2
women), three participants were excluded due to errors in the experimental procedure (3
women) and two participants prematurely terminated their participation due to personal
reasons, resulting in a final sample size of 40 subjects (mean age = 21.87, range = 18-31
years, 25 women). Twenty participants were allocated to the smooth eye pursuit condition
(mean age = 22.50, range = 18-29 years, 14 women) twenty subjects were allocated to the
saccadic eye movement condition (mean age = 21.25, range = 18-31 years, 11 women). Both
stimulation conditions did not differ significantly with regard to relevant sample
characteristics (see Supplementary Table 1) (Buhr and Dugas, 2002; Hoyer and Gloster,
2013; Spielberger, 2010). The study was approved by the local ethical committee (ethical
committee of the Greifswald Medical School) and we complied with all relevant ethical

regulations.

2.2 Stimulus materials.

A tone (75 dB(A); 1000 Hz sine wave) with a duration of 7.135 s served as conditioned
stimulus (CS) and was binaurally presented by AKG K66 headphones while participants
watched a black screen (24-inch, resolution of 1024 x 768 pixels). The black screen was also
continuously presented during the 12, 14 or 16 s (M = 14 s) inter-trial intervals (ITT). An
electrical shock with an individually adjusted amperage and a duration of 625 ms (train of 125
x 2 ms electrical pulses with a 3 ms break between pulses) served as aversive unconditioned
stimulus (US) and was delivered by an S-48K stimulator (Grass Instruments, West Warwick,

RI, USA) to the participant’s non-dominant hand’s wrist. The individually adjusted intensity
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of the US did not differ between both stimulation conditions (£33 = .595, P = .445). A burst
of white noise (95 dB(A)) with an instant rise/fall time (< 1 ms) served as acoustic probe

stimulus eliciting the startle eyeblink response and was binaurally presented for 50 ms by

AKG K66 headphones.

2.2.1 Alternating bilateral sensory stimulation (ABSS).
Alternating bilateral sensory stimulation was delivered by the EMDR Kit Wireless Light Tube
(SE Factory, Groningen, NE), employing a horizontal bar displaying a white light (5000 Lux
at zero distance to the light), placed right above the black screen monitor at a distance of 115
cm in front of the participant. While the light remained in middle position during the ITIs,
light’s movement was started by the experimenter via a Bluetooth-powered mobile
application (SE Factory, 2020) during the post-rating period and carried on during the
subsequent presentation of the CS. In the smooth eye pursuit condition, the light swept from
the right to the left end of the bar and vice versa at a rate of 0.96 Hz (In-App speed of 10/20;
In-App mode “Sweep”) while it was displayed alternatingly at a rate of 0.96 Hz at the right
and left end of the bar in the saccadic eye movement condition (In-App speed of 10/20; In-
App mode “Blink”; see Supplementary Movie 1). After the presentation of the auditory CS

ceased, light’s movement was stopped by the experimenter.

2.3 Experimental design and procedure.

Figure 1 gives an overview of the applied single-cue fear conditioning and extinction design
(A) and the structure of each experimental trial (B). We tested our hypotheses applying a
single-cue fear conditioning and extinction protocol using a between-subject design with
Stimulation (smooth eye pursuit vs. saccadic eye movement) serving as between-group factor,
closely following the procedure used in previous animal research (Baek et al., 2019). The

subjects were seated in a sound-attenuated and dimly lit room adjacent to the experimenter’s
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room. Sensors for recording the physiological signals as well as the electrodes for electrical
stimulation (US) were attached at the beginning of each experimental session. For all
experimental sessions, no explicit information was given with regard to the stimulus

contingencies.

2.3.1 Acquisition (session 1).

After attaching the stimulation electrode and the sensors, the first session began with a shock-
workup using a standardized protocol (Szeska et al., 2021) until the participants rated the
unconditioned stimulus as unpleasant but not painful. After this shock-workup, six probe
stimuli were presented to ensure the adaptation of the participant’s startle magnitudes to a
stable baseline. Then, the single-cue fear conditioning protocol started, during which the
conditioned stimulus was presented sixteen times, with twelve CS-presentations being paired
with the electrical shock 6.5 s after CS onset (CS-US contingency: 75%). Acoustic startle
probes were presented during twelve of the sixteen CSs either at 4.5, 5 or 5.5 s after CS onset

Twelve probes were presented during the ITIs.

2.3.2 Extinction (session 2).
The extinction session was set to take place after 24 hours after the first session (to control for
circadian effects, the second session was aimed to take place during the same time of the
previous day; mean difference = 20 min, range = 0-3 h). After refitting the sensors, the
stimulation electrode and presentation of six startle probes, extinction training began, during
which the tone CS was presented again for sixteen trials without administerin the US.
Acoustic startle probes were presented during CSs and ITIs, similarly to session 1. In
addition, participants were now instructed to follow any movements of the displayed light

(see Stimulus materials) with their eyes without moving their head, which would result in
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smooth eye pursuits during CSs in the smooth-eye-pursuit condition, and in saccadic eye

movements in the saccadic-eye-movement condition.

2.3.3 Short-term extinction recall and return of fear tests (session 3).
The third session was set to take place 24 hours after session 2 (mean difference = 32.5 min,
range = 0-2 h). After preparation (see sessions 1 and 2) the CS was presented again in sixteen
trials without any administration of electrical shocks to test recall of extinction memory.
Then, a reinstatement procedure followed (reinstatement I), during which three electric
shocks administered repeatedly after 3.5, 18.5 and 26.5 s while the color of the screen was
changed to gray to avoid counter-conditioning to the ITI. The CS was not presented during
this period. A short-term return of fear test followed, during which the CS was presented
sixteen times without any US. Startle probes during both the short-term extinction recall and
the short-term return of fear test were administered following the structure of sessions 1 and
2.

2.3.4 Long-term extinction recall and return of fear tests (session 4).
The fourth session was set to take place seven days after the third appoint (mean difference =
7 days; range = 0), also at the same time of day as session 3 (mean difference = 25 min; range

= 0-2 h). The experimental procedure during session 4 was kept similar to session 3.
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Figure 1. Overview of the experimental design and trial structure.

(A) Experimental sessions: The experiment started with a shock work-up, during which an
electrical stimulus was individually adjusted to a level which was perceived as unpleasant, but
not painful by the participant. Next an acquisition training started, during which 16 tones were
presented, of which 12 were paired with the electrical shock (session 1). During the extinction
training (session 2; 24 hours after acquisition), short-term extinction recall and return of fear
tests (session 3; 24 hours after extinction) and long-term extinction recall and return of fear
test (session 4; 7 days after session 3) each participant received 16 presentations of the tone,
which was never paired with an electrical shock. During extinction, participants received

alternating bilateral sensory stimulation according to the condition they were allocated to
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(saccadic eye movement vs. smooth eye pursuit). During two reinstatement procedures
(session 3 and session 4), three non-signaled electrical shocks were applied, while the
background color of the monitor changed from black to gray.

(B) Schematic representation of a single experimental trial. Each trial started with a 1-s
sample of the auditory conditioned stimulus during a black screen, after which participants
were asked to rate their subjective expectancy to receive an electrical shock during the
upcoming presentation of this stimulus on a 11-point visual analogue scale ranging from
“0%” to “100%” (English translation of the German instruction: “How likely do you think is
it, to receive an electrical shock during the presentation of this tone?”). Three seconds after
the rating was completed (post-rating period; black screen) the conditioned stimulus was
presented for 7.135 s during a black screen, ensuring that physiological responses during its
presentation were unbiased by any parallel cognitive evaluation task. After the presentation
ofthe conditioned stimulus ceased, an inter-trial interval followed (black screen for 12-16 s).
Acoustic startle probes were presented both during the presentation of the conditioned
stimulus and during inter-trial intervals (for more information with regard to the rationale of

this trial structure see also Holland et al., 2020).

2.4 Dependent measures

2.4.1 Startle eyeblink magnitudes
The eyeblink component of the startle reflex was measured by recording the
electromyographic activity of the orbicularis oculi muscle beneath the left eye, using two
electrolyte-filled (Marquette Hellige, Freiburg, Germany) Ag/AgCl miniature surface
electrodes (3 mm diameter, Sensormedic, Yorba Linda, CA, USA), attached on the skin over
the muscle. A Coulbourn V75-04 amplifier filtered and amplified the electromyographic

signal with a Coulbourn V75-48 30 Hz high-pass 400 Hz low-pass filter, smoothing and
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rectifying the signal with a time constant of 10 ms. The signal was sampled at a rate of 2000
Hz using Acqgknowledge (Biopac Systems Inc., Goleta, CA, USA). For subsequent analyses,
the signal was sampled down at 1000 Hz. A digital 60 Hz notch filter was applied offline
before the scoring procedure started. The time window for scoring startle blink response
started 100 ms before and 400 ms after the onset of the probe stimulus. Using a computer
program, identifying blink onset and peak amplitude, startle responses were scored semi-
automatically (Globisch et al., 1993) only, if starting 20-120 ms and peaking within 150 ms
after the probe onset with a minimum amplitude of 1.954 yV. Additionally, each detected
amplitude was visually inspected an corrected if necessary. Magnitudes were scored as zero,
if no blink was detected in the defined time-window, or were set as missing, if clear
movement artifacts or excessive baseline shifts were found (Blumenthal et al., 2005) (see
Supplementary Table 2 for an overview of zero responses and missing values). Raw blink
magnitudes were z-transformed and subsequently T-standardized (50+(z x 10)) individually
for each participant to ensure that each participant equally contributed to the mean

potentiation scores irrespective of their biological baseline differences.

2.4.2 Shock expectancy ratings.
Prior to each presentation of the conditioned stimulus, participants were informed of an
upcoming CS presentation, aided by a 1-s sample of the CS (German translation of the
instruction: “Next, this tone is going to be presented.”). Participants were then asked to rate
their expectancy to receive an electrical shock during the upcoming CS-presentation on an 11-
point visual analogue scale, ranging from “0%” to “100 %" (German translation of the
instruction: “How likely do you think it is to receive an electrical shock during the
presentation of this tone?”’; see also Figure 1B). This procedure is very much comparable to

clinical exposure-based therapy, during which participants are asked to rate the likelihood,
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that their central concern (e.g., fainting) might become true, before the exposure begins

(Hollandt et al., 2020).

2.4.3 Heart rate.
An electrocardiogram (ECG), using an Einthoven Lead II setup with two electrolyte-filled
(Marquette Hellige, Freiburg, Germany) standard Ag/AgCl surface electrodes (8 mm
diameter) was recorded. A Coulbourn V75-04 system amplified the signal by the factor 2000
and filtered (8-13 Hz band-pass) the signal, which was subsequently sampled at a rate of 2000
Hz using AcqKnowledge (Biopac Systems Inc., Goleta, CA, USA). For subsequent analyses,
the ECG data were digitally sampled down at 400 Hz and corrected for artifacts using
ANSLAB software (v. 2.4; Autonomic Nervous System Laboratory, University of Basel,
Switzerland). The data were converted into heart rate in beats per minute for every half-
second bin of the sampling period (Graham, 1978). To quantify baseline-independent cardiac
changes during the presentation of the conditioned stimulus, heart rate during CS presentation
was subtracted from base period heart rate (mean of the first two half-seconds after CS onset)
for every half-second bin after CS onset (14 data points for the 7.135 s CS duration). Finally,
these half-second difference scores were averaged across all trials separately for each

experimental stage, allowing to analyze the average time course of the conditioned heart rate

response.

2.4.4 Eye movements.
An electrooculogram (EOG) was recorded to measure horizontal eye movements for each
participant during extinction (session 2). Two electrolyte-filled (Marquette Hellige, Freiburg,
Germany) standard Ag/AgCl surface electrodes (8§ mm diameter) were attached at the temples
of the participants. A 12-channel Isolated Bioelectric AC/DC Amplifier System (San Diego

Instruments, San Diego, CA, USA) amplified the measured EOG signal by the factor 1000
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and filtered the signal using a 35 Hz low-pass filter. The signal was sampled at a rate of 2000
Hz using AcqKnowledge (Biopac Systems Inc., Goleta, CA, USA). To allow a thorough
investigation of the eye movements during ABSS, a hardware reset was executed at the
beginning of each post-rating period (see Figure 1B) just prior to the start of ABSS, resetting
the EOG to a baseline of zero to control for baseline-drifts in the EOG signal. Second, to cope
with different onset latencies of eye movements across trials and participants due to the
manual start of the ABSS by the experimenter, the signal was sampled down offline at 10 Hz
and the individual onset of eye movements was scored for each trial and each participant. This
procedure allowed us to run a custom MATLAB-based script, computing a grand average of
the EOG signal for each participant across all post-rating periods and CS presentations, which
was corrected for individual differences in scored latencies across trials and corrected for
linear trends, e.g., due to remaining drifts in the EOG signal (see Supplementary Figure 5).
Based on the latency of this averaged EOG signal (equals to the mean of individual latencies
across trials within the participant), the average time window of CS presentation after onset of
eye movements was calculated for each participant. The averaged and de-trended raw EOG
signal during this time window was extracted from the data. Next, we performed a z-
transformation of the extracted EOG data for each participant so that changes from baseline
were available on a comparable scale. Z-transformed EOG data were then used to create a
distribution of gaze durations (in ms) across eye positions for all participants (z-scores; see
Figure 4A). Next, we assessed the interquartile range of the individual distribution of gaze
durations across eye positions for each participant, with higher interquartile ranges indicating
higher saccadic accuracy (i.e., longer gaze durations at extreme eye positions at the expense
of intermediate ones). Finally, we assessed the range of the distribution of gaze durations
across eye positions for each participant, providing an index of the individual amplitude of

eye movements.
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2.5 Data Analyses.

To analyze the change of the outcome measures during and across each experimental stage,
we used linear mixed regression models with only fixed effects included, which were created
using restricted maximum likelihood estimation to include all available data, while the
covariance structure of the repeated measurements was modelled to best fit the sample data
for highest statistical power (see Supplementary Dataset 1) (Duricki et al., 2016).
Stimulation (smooth eye pursuit vs. saccadic eye movement) served as between-group factor.

To evaluate the change of startle responses and shock expectancy ratings during each
experimental stage, we included the repeated-measures factor 7rial. For analyses of startle
responses, we additionally included the within-subject factor Potentiation (CS vs. ITI). As
heart rate responses during single trials are very noisy, we abstained from trial-based analyses
of heart rate responses and included 7ime (in half second bins) as within-subject factor to
examine the course of average heart rate change during CS presentation for each experimental
session.

To evaluate initial recall of fear/extinction memory across experimental sessions, we
compared the last trial of each experimental session with the first trial of the subsequent
session by including the within-subject factor Recall. To compare average physiological and
verbal measures across two experimental sessions, we included the within-subject factor
Phase.

To test for differences in the distribution of gaze durations across eye positions
between stimulation conditions, we used the two-sample Kolmogorov-Smirnov test. The
interquartile range of the individual distribution of gaze durations as an index of saccadic
accuracy was compared by univariate analysis of variances (ANOVA). To evaluate the
differential impact of saccadic accuracy in interaction with saccadic range on the assessments
in both stimulation conditions, we performed univariate analysis of variances with covariates

(ANCOVA) using Saccadic accuracy (interquartile range of the distribution of eye
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movements, see Assessments) and Range of eye movements as covariates. If significant
interactions between the predictors were found with regard to the dependent variables,
Pearson correlation between the product of Saccadic accuracy x Range of eye movements and
the dependent variable was calculated examining the association between larger and more
accurate saccades and the dependent measures.

We used SPSS Statistics Ver. 27 for all statistical analyses and Microsoft Excel 2016,
Microsoft PowerPoint 2016 and SPSS Statistics Ver. 27 were used for figure creation.

Bonferroni correction was applied when relevant.

3. Results

3.1 Saccadic eye movements facilitate extinction of conditioned freezing
First, all participants learned to associate a tone (CS) with an unpleasant electrical shock (US)
during a single-cue fear conditioning procedure (acquisition; session 1), indicated by
increased shock expectancy ratings (Trial, F15355433=4.371, P <.001; left panel of Figures
2A and 3A), a reliable potentiation of the brain stem startle reflex (Potentiation, F1,73.763 =
353.255, P <.001; left panel of Figures 2B, 3B and C) and a profound fear bradycardia
evoked by the CS (Time, F13,74454 = 7.815, P <.001; left panel of Figure 2C), indexing
robust conditioned behavioral freezing elicited by the auditory CS. Importantly, the two
experimental groups (saccadic eye movement vs. smooth eye pursuit) did not differ in their
acquired defensive responses and cognitive risk assessments after acquisition training (all F's
<1.277, all Ps > .248; Figures 2 and 3).

After a twenty-four-hours consolidation period, participants underwent an extinction
training (session 2), during which the conditioned auditory stimulus was presented again

without the aversive US and ABSS was applied during tone presentation according to the



122

assigned stimulation condition (see Materials and Methods and Supplementary Movie 1).
Indicating compliance to the instruction, we found significant differences between both
groups in the distribution of gaze durations across eye positions (Kolmogorov-Smirnov test, P
<.001; Figure 4A), with longer gaze durations at extreme eye positions towards the left and
right field of view at the expense of intermediate positions in the saccadic eye movement
group compared to the smooth eye pursuit group. Likewise, the individual interquartile range
of the distribution of gaze durations across eye positions during the CS presentation (i.e., the
accuracy of saccadic eye movement) was increased in the saccadic eye movement condition
compared to smooth eye pursuit group (Stimulation, F33= 10.242, P =.003; Figure 4B).

At the beginning of extinction, we found comparable shock expectancy ratings relative
to the last trial of acquisition in both groups (Recall, F33=1.251, P =.270; middle panel of
Figure 2A), indicating successful recall of previously acquired fear memory. Throughout the
extinction training, shock expectancies significantly declined (Trial, Fi533=36.631, P <.001;
middle panel of Figure 2A), and were overall reduced compared to acquisition (Phase, F'1,76 =
147.651, P <.001; middle panel of Figure 3A). As expected, reduction of shock expectancies
was not affected by the type of eye movements during session 2 (all Fis < 1.34, all Ps > .227;
middle panel of Figures 2A, 3A).

Startle blink magnitudes also declined throughout extinction (Trial, F11,109.703= 11.608,
P <.001; middle panel of Figure 2B, Supplementary Figure 1). Yet, there was still a strong
potentiation of the startle reflex elicited during the CS compared to blinks evoked during the
inter-trial interval (Potentiation, F1 77.101 = 89.626, P < .001; middle panel of Figure 3C).
Remarkably, extinction of fear potentiated startle was significantly stronger in the saccadic
eye movement condition compared to the smooth eye pursuit group (Potentiation x
Stimulation, F177.101= 4.043, P = .048; middle panel of Figures 2B, 3B). Moreover, while
startle responses were still potentiated during late extinction (last third of the trials) in the

smooth eye pursuit group (Potentiation, F,19=6.192, P =.022; middle panel of Figure 2B),
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this was not the case in the saccadic eye movement condition (Potentiation, F,19=2.020, P =
.171; middle panel of Figure 2B) . Correspondingly, startle potentiation during extinction was
overall reduced compared to acquisition (Phase x Potentiation, F1 33 = 48.850, P <.001;
middle panel of Figure 3B) and this overall inhibition of defensive responding was
particularly fostered by saccadic eye movements (Phase x Potentiation x Stimulation, F138=
6.717, P=.013; middle panel of Figure 3B).

As during acquisition, the CS also elicited a strong cardiac deceleration during
extinction (Time, F13,73.936= 3.688, P <.001; middle panel of Figure 2C). This fear
bradycardia was less pronounced during CS processing (3 — 5 s after CS-onset) in the
saccadic eye movement compared to the smooth eye pursuit condition (Time x Stimulation,
F13,73.936=2.109, P = .023; middle panel of Figure 2C). However, comparing acquisition and
extinction, cardiac deceleration was significantly attenuated during extinction for both eye
movement interventions (Phase, £ 33= 50.985, P <.001; Phase x Stimulation F33=.007, P =

.935; middle panel of Figure 2C).
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Figure 2. (A) Cognitive risk assessment during the CS presentation throughout acquisition

(session 1), extinction (24 hours later; session 2) and short-term extinction recall test (session

3) averaged across two trials.

(B) Standardized (T-scores) potentiation of the startle response (CS minus ITI) throughout

acquisition (session 1), extinction (session 2) and short-term extinction recall test (session

3),averaged across two probes.
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(C) Heart rate change after CS onset during acquisition (session 1), extinction (session 2)
andshort-term extinction recall test (session 3), averaged across all trials, depicted in half-
secondbins. The time window, during which we found strongest differences between both
stimulation conditions during extinction, is framed by a dashed line.

For all graphs: Orange lines and bars represent data of the smooth eye pursuit condition, blue
lines and bars represent data of the saccadic eye movement condition. Error bars represent
thestandard error of the mean. Asterisks indicate statistical significance of between-group

analyses, with * for P < .05, ** for P < .01, *** for P <.001.
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Figure 3. (A) Mean cognitive risk assessment during the CS presentation during acquisition
(session 1), extinction (24 hours later; session 2) and short-term extinction recall test

(session 3) averaged across all trials.
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(B) Mean standardized (T-scores) potentiation of the startle response (CS minus ITI) during
acquisition (session 1), extinction (session 2) and short-term extinction recall test (session 3),
averaged across all probed trials.

(C) Mean standardized (T-scores) magnitudes of the startle blink response during the
presentation of the CS and ITI during acquisition (session 1), extinction (session 2) and short-
term extinction recall test (session 3), averaged across all probed trials.

For all graphs: Orange lines and bars represent data of the smooth eye pursuit condition, blue
lines and bars represent data of the saccadic eye movement condition. Error bars represent the
standard error of the mean. Asterisks indicate statistical significance of between-group

analyses, with n.s. for P > .05, * for P < .05, ** for P < .01, *** for P <.001.

3.2 Higher saccadic accuracy and range are associated with stronger extinction of fear
potentiated startle

As expected and in line with the above described results of between-group analyses, saccadic
accuracy and range of eye movements did not differentially impact on cognitive risk
assessments or heart rate in the stimulation conditions (shock expectancy: Stimulation x
Saccadic accuracy x Range, F132=2.683, P =.111; heart rate: Stimulation x Saccadic
accuracy x Range, F132=.236, P = .630).

In contrast, higher saccadic accuracy and range was significantly associated with
stronger reduction of the fear potentiated startle in the saccadic eye movement, but not in the
smooth eye pursuit condition (Stimulation x Saccadic accuracy x Range, F13,=4.05, P =
.034; Figure 4C, D). Correlational analyses in the saccadic eye movement condition
supported this finding, showing that the arithmetic product of saccadic accuracy and range
corresponded to stronger extinction of the fear potentiated startle reflex (» = -.346, P(one-
tailed) = .064; Figure 4C), driven by specifically reduced startle responses elicited during

CSs (r=-.410, P(one-tailed) = .036), but not by modulation of blink magnitudes elicited
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during the ITI (» = .241, P(one-tailed) = .153). This negative correlation between saccadic
accuracy and extinction of startle potentiation was most pronounced in participants who
executed saccades with highest range (upper tertile of ranges in the saccadic eye movement
condition, n = 7; correlation with startle potentiation: » = -.729, P(one-tailed) = .032;
Supplementary Figure 2A; correlation with CS startles: » = -.783, P(one-tailed) = .019;
Supplementary Figure 2B; correlation with ITI startles: » = .603, P(one-tailed) = .076;

Supplementary Figure 2C).
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Figure 4. Higher saccadic accuracy and range is related to stronger extinction of fear
potentiated startle

(A), Distribution of mean gaze durations across eye positions during CS presentation during
extinction.

(B), Saccadic accuracy during CS presentation as indexed by the interquartile range of the
individual distribution of mean gaze durations across eye positions. Error bars represent the
standard error of the mean.

(C) and (D), Scatter plots of mean standardized (T-scores) potentiation of the startle response
(CS vs. ITI) as a function of saccadic accuracy (interquartile range) and range of eye
movements in the saccadic eye movement condition (C) and in the smooth eye pursuit
condition (D). The regression plane indicates the direction of the linear relationship between
the variables.

Asterisks indicate statistical significance of between-group analyses or correlations, with * for

P <.05, ** for P < .01, *** for P <.001.

3.1 Impaired short-term extinction recall and weak evidence for sustained defensive
response inhibition after eye movement manipulation during extinction

After another twenty-four-hours consolidation period, the light was removed and we tested
the short-term recall of extinction memory (short-term extinction recall; session 3) by
presenting the CS without any administration of the US. All participants showed initial
recovery of fear, indicated by initially increased shock expectancy (Recall, F 33=204.156, P
<.001; right panel of Figure 2A) and startle potentiation relative to the last trial of extinction
training of the previous day (Recall x Potentiation, F1,66.760 = 25.915, P <.001; right panel of
Figure 2B). Shock expectancies and startle potentiation decreased throughout the short-term
extinction recall test (shock expectancy: Trial, Fi533=46.034, P <.001; startle: Trial,

Fi1,141.466= 10.723, P < .001; right panel of Figures 2A, B, Supplementary Figure 1),
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indicating re-extinction of fear. Yet, startle potentiation was still evident throughout the entire
short-term extinction recall test (Potentiation, F284387=318.912, P <.001; right panel of
Figures 2B, 3B and C), as was fear bradycardia (Time, F13,75.730=5.182, P <.001; right
panel of Figure 2C), indicating robust defensive freezing.

The type of eye movement manipulation during the previous day had no impact on any
of the reported effects during the short-term extinction recall (shock expectancy: all Fs <
1.490, all Ps > .158; right panel of Figures 2A, 3A; startle potentiation: all Fs<1.536, all Ps
> .125; right panel of Figures 2B, 3B and C, Supplementary Figure 1). Likewise, no
differences in overall risk assessments (Stimulation, £33 =.829, P = .368; right panel of
Figure 3A), startle potentiation (Potentiation x Stimulation, F1 84387 = .246, P = .620; right
panel of Figure 3B) or fear bradycardia (Time x Stimulation, F1375.739= 1.156, P = .328; right

panel of Figure 3C) were found between both groups during the short-term extinction recall

test.

Remarkably, while shock expectancies were significantly lower in the short-term
extinction recall test compared to the previous day (Phase, F133= 13.881, P <.001; right
panel of Figure 3A), startle potentiation and fear bradycardia were significantly stronger
(startle: Phase x Potentiation, F 51.38¢= 30.486, P < .001; heart rate: Phase, F133=13.782, P <
.001; right panel of Figures 2B, C, 3B). Potentiation scores even reached the level of the
acquisition, as if participants never underwent extinction training (Phase, F153.150= 1.833, P =
.182; right panel of Figure 3B). Thus, the induction of eye movements during extinction
generally seemed to hamper the recall of extinction memory on a defensive behavioral level,
while declarative extinction memory could be recalled.

Following the short-term extinction recall test, three non-signaled electrical shocks
were applied in the absence of the CS. As expected, we found significant reinstatement in all
indicators of fear, that extinguished during a following extinction training (short-term return

of fear test). We found no differences in reinstatement of fear and recall of extinction memory
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with regard to the type of eye movements employed during the first extinction session
(Supplementary Figure 3 and 4; for a detailed description of the results see Supplementary
Dataset 2).

One week after session 3, we conducted a long-term extinction recall test, during
which we repeated the procedure of session 3 (long-term extinction recall; session 4). Again,
participants showed initial recovery of the fear response followed by a further extinction
during the long-term extinction recall test. Neither initial fear recovery nor long-term
extinction differed between eye movement conditions (Supplementary Figure 1 and 3). As
during session 3, re-experience of the aversive event (reinstatement II) resulted in a
significant reinstatement of fear in all dependent variables, which did not differ between eye
movement conditions for shock expectancy ratings (Supplementary Figure 3A). Only for
startle responses, reinstatement was attenuated in the saccadic eye movement condition
(Supplementary Figure 4). During the following extinction training (long-term return of fear
test), again, fear responses decreased and no modulatory effects of previous eye movements
were found, aside from the already described less sensitized startles in the saccadic eye
movement condition right after the reinstatement procedure (Supplementary Figure 1 and 3;

for a detailed description of the results during session 4 see Supplementary Dataset 2).

4. Discussion

Eye movement desensitization and reprocessing therapy (EMDR) is a
psychotherapeutic regimen for post-traumatic stress disorder, most renowned for
manipulating eye movements during exposure towards fear-eliciting cues to achieve a
reduction of affective distress (Landin-Romero et al., 2018; Shapiro, 1989). By showing that
increased activity of the superior colliculus (SC) leads to an inhibition of the basolateral

amygdala (BLA), recent rodent research provided a link between SC-controlled visual
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attentional processing and the inhibition of BLA-controlled defensive responding, thus,
suggesting a subcortical mechanism underlying this therapeutic approach (Amano et al.,
2011; Baek et al., 2019; Herry et al., 2008; Leigh and Zee, 2015; Miiller et al., 2005). The
current study is a first endeavor to test such mechanism in humans by manipulating eye
movements during fear extinction, the laboratory analog of exposure therapy (Hermans et al.,
2006). Here, we hypothesized that saccadic eye movements would facilitate extinction of
attentive immobility — a subcortically mediated defensive strategy during inevitable threat
(Mobbs et al., 2020; Szeska et al., 2021) - but not cortically mediated shock expectancies
(LeDoux, 1995; LeDoux and Pine, 2016). In order to test the predictions derived from the
animal model, we compared fear extinction during such saccadic eye movements with fear
extinction during smooth eye pursuits, as the former is known to recruit a larger population of
SC neurons compared to the latter (Goossens and van Opstal, 2012; Leigh and Zee, 2015;
Waitzman et al., 1988). Our results partly confirmed the animal model but also showed some
important differences for human freezing.

The fear potentiated startle — a protective brain-stem reflex directly mediated by
activation of the central amygdala in animals and humans (Davis, 2006; Hamm, 2015; Kuhn
et al., 2019; Weike et al., 2005) — was significantly reduced, when saccadic eye movements
were executed compared to smooth eye pursuits during extinction learning. Accordingly, fear
bradycardia — a profound cardiac deceleration in the face of inevitable threat driven by
amygdala projections (Hermans et al., 2013; Roelofs, 2017; Szeska et al., 2021) — was also
attenuated in the saccadic eye movement condition during extinction. The inhibitory effects
were, however, stronger for fear potentiated startle than for fear bradycardia, presumably due
to its stronger link to subcortical circuits (Davis, 2006; Kuhn et al., 2019; Moratti and Keil,
2005). In fact, higher saccadic accuracy and range — linked to broader and more enduring
activity in the SC (Goossens and van Opstal, 2012; Leigh and Zee, 2015; Waitzman et al.,

1988) - was positively correlated with stronger startle inhibition. However, as saccadic
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accuracy and range were assessed by the EOG, such correlation may only be considered
preliminary and future eye tracking research may provide more thorough insights into the
relationship between saccadic eye movements and low-level defensive responding. In contrast
to low-level defensive responding, the type of eye movement manipulation had no impact on
cortically-mediated cognitive risk assessments, which are closely related to reported fear
during exposure therapy (Hollandt et al., 2020; LeDoux, 1995). Eye movement manipulation
during exposure may therefore primarily inhibit subcortically-mediated indicators of fear
activation during processing of the fear-eliciting stimuli.

Thus, our findings indicate that the suggested inhibitory SC-BLA pathway (Baek et
al., 2019) may also exist in humans and that saccadic eye movements may hence lead to a
more efficient attenuation of defensive responding compared to smooth eye pursuits, which
are — despite initial instructions - commonly employed in EMDR practice (Shapiro, 1989;
Stickgold, 2002). Yet, as saccadic eye movements have also been associated with stronger
activation in the frontal eye fields relative to pursuits (O’Driscoll et al., 1998), and as frontal
eye field activation has been found concomitantly with stronger coupling between the
amygdala and prefrontal centers of emotion regulation (de Voogd et al., 2018), contributions
of the prefrontal cortex to the inhibitory effects may not be ruled out. It is therefore possible
that the stronger link of saccadic eye movements to the many beneficial effects of EMDR,
including increased episodic memory retrieval (Christman et al., 2003; Landin-Romero et al.,
2018), is driven by both mechanisms of action.

Contrary to the predictions from the animal model (Baek et al., 2019), we did not find
a facilitation of extinction recall as a result of saccadic eye movements during extinction
learning on day 3. Rather than sustaining defensive response inhibition, subcortically-
mediated defensive responding was actually renewed in all participants as soon as eye
movements were no longer manipulated and, for startle reflex potentiation, even reached

levels of initial fear conditioning, as if an extinction training has never taken place.
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Interestingly, successful recall of extinction memory was observed only for the expectancy
ratings.

In contrast to rodent research, however, we tested the extinction recall in a context
similar to the context of fear acquisition, which has shown to cause strong renewal of fear
(Bouton, 2002), indicating that defensive response inhibition by eye movements does not
withstand fear activation in previously threatening contexts. On the other hand, we
manipulated eye movements during exposure towards a previously threat-predicting tone cue
(i.e., during fear activation), which may have led to interference with the consolidation of
extinction memory. Previous human research, indicating long-term inhibitory effects of eye
movement manipulation, manipulated eye movements after fear activation (de Voogd et al.,
2018) and may, thus, rather have disrupted the reconsolidation of fear memory, shown to
persistently inhibit defensive responding (Kindt et al., 2009; Soeter and Kindt, 2010).

In fact, our data indicate that the manipulation of eye movements during extinction
may be rather viewed as visual distraction, impeding the processing of threat-related
information (see Roelofs, 2017), and hence may act as an avoidance strategy, which decreases
defensive responses when executed (Lovibond et al., 2009; Vervliet and Indekeu, 2015).
Importantly, such strategy may also prevent the consolidation and recall of extinction memory
and, in turn, increase the probability of return of fear when no longer executed (Lovibond et
al., 2009; Vervliet and Indekeu, 2015). On a neural level, cortical elaboration specifically
involving the ventromedial prefrontal cortex has found to be required for such persistent
extinction of fear, particularly for consolidation and recall of extinction memory (Milad and
Quirk, 2012). Thus, the manipulation of eye movements may have resulted in a partial bypass
of such cortical elaboration. Additional therapeutical or neuroscience-based strategies might
therefore be necessary to achieve long-term fear attenuation, if eye movements are

manipulated during exposure (Craske et al., 2014; Szeska et al., 2020).



134

Taken together, our findings suggest that the inhibitory pathway between the superior
colliculus and the basolateral amygdala, by which visual attentional modulation may facilitate
the extinction of defensive responding, might also exist in humans and, thus, act as one
mechanism of action of EMDR. Nevertheless, any manipulation of eye movements during
extinction may prevent a successful consolidation and, thus, recall of extinction memory.
Increasing SC activity might, therefore, indeed boost exposure therapy in EMDR, but may

come at the expense of sustained fear attenuation.
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Saccadic eye Smooth eye pursuit Statistics
movement condition condition
N (female/male) 20 (11/9) 20 (14/6) X%(1) =.960,
p=.327
Age (years) 21.25 (3.69) 22.50 (3.68) F(1,38)=1.149,
p=.291, n%,=.029
Body-Mass-Index 21.78 (1.73) 21.75 (2.23) F(1,38)=.003,
(kg/m?) p=.956,1n°,=.000
Trait anxiety (STAI 34.55(5.79) 37.58 (6.31) F(1,37)=2.436,
questionnaire sum p=.127,1#°,=.062
score)

Psychological 12.95 (5.69) 15.45 (5.84) F(1,38)=1.879,
flexibility (FAH-II p=.178,n,=.047
questionnaire sum

score)
Intolerance of 2.35(0.65) 2.55(0.71) F(1,38) =.756,

uncertainty (IUS-12

questionnaire mean)

p=.390, 12,=.020

Supplementary Table 1. Means of demographics, BMI and personality trait scores for the

saccadic eye movement and smooth eye pursuit condition with standard deviations in

brackets.
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3.7%

5.1%

6.2%

6.3%

8.2%

9.9%

(M=0388) | M=123)| M=148)| M=1.50)| (M=198) | (M=2.38)
4.9% 3.7% 4.6% 6.2% 2.9% 5.3%
(M=1.18) | (M=088) | M=1.10)| (M=1.48) | (M=0.70) | (M=1.28)

Supplementary Table 2. Proportion of zero responses and missing values in all scored startle

responses for each experimental stage in percent, with the average number of trials scored as

Zero response or missing in brackets.
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Supplementary Figure 1. Startle blink magnitudes during the experimental phases.
Standardized blink magnitudes (T-scores) elicited during the CSs and inter-trial intervals
during the acquisition (session 1), extinction (session 2), short-term extinction recall test
(session 3), short-term return of fear test (session 3), long-term extinction recall test (session
4) and long-term return of fear test (session 4) for the smooth eye pursuit (orange [CS] and
shaded orange [ITI] lines) and saccadic eye movement condition (blue [CS] and dark blue

[ITI] lines). Error bars represent the standard error of the mean.
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Supplementary Figure 2. The negative correlation between saccadic accuracy and
amygdala-mediated behavioral defensive responding is most pronounced at high saccadic
range

(A), Scatter plot of mean standardized (T-scores) potentiation of the startle response (CS vs.
ITT) during extinction as a function of saccadic accuracy in participants of the saccadic eye
movement condition who executed saccades with high range (upper tertile).

(B), Scatter plot of standardized (T-scores) CS startle responses during extinction as a
function of saccadic accuracy in participants of the saccadic eye movement condition who
executed saccades with high range (upper tertile).

(C), Scatter plot of standardized (T-scores) ITI startle responses during extinction as a
function of saccadic accuracy in participants of the saccadic eye movement condition who
executed saccades with high range (upper tertile).

For all graphs: Orange graphs indicate data of the smooth eye pursuit condition, while blue
graphs indicate data of the saccadic eye movement condition. Asterisks indicate statistical
significance of between-group analyses or correlations, with * for P < .05, ** for P < .01, ***

for P <.001.
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Supplementary Figure 3. Saccadic eye movements do not affect short- and long-term recall
of extinction memory or return of fear

(A), Cognitive risk assessment during the CS presentation throughout the short-term
extinction recall test (session 3), short-term return of fear test (session 3), long-term extinction
recall test (session 4) and long-term return of fear test (session 4), depicted in blocks of two
averaged trials. Integrated bar charts represent mean cognitive risk assessment during the CS

presentation across all trials during the respective experimental phases.
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(B), Standardized (T-scores) fear potentiation of the startle response during the short-term
extinction recall test (session 3), short-term return of fear test (session 3), long-term extinction
recall test (session 4) and long-term return of fear test (session 4), depicted in blocks of two
averaged probed trials. Integrated bar charts represent mean standardized fear potentiated
startle across all probed trials during the respective experimental phases.

(C), Heart rate change after CS onset during the short-term extinction recall test (session 3),
short-term return of fear test (session 3), long-term extinction recall test (session 4) and long-
term return of fear test (session 4), averaged across all trials, depicted in half-second bins.

For all graphs: Orange lines and bars represent data of the smooth eye pursuit condition, blue
lines and bars represent data of the saccadic eye movement condition. Error bars represent the

standard error of the mean.
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Supplementary Figure 4. Saccadic eye movements do not inhibit short- but long-term re-

sensitization of defensive responding after re-experiencing original aversive events.

Standardized startle responses (T-scores) elicited during the last probed trial (CS vs. ITI) of

the short-term extinction recall (session 3) and first probed trial (CS vs. ITI) of the short-term

return of fear test are depicted in the left part of the panel. Standardized startle responses (T-

scores) during the last probed trial (CS vs. ITI) of the long-term extinction recall (session 4)

and first probed trial (CS vs. ITI) of the long-term return of fear test are depicted in the right

part of the panel. Error bars represent the standard error of the mean. Orange graphs represent

data of the smooth eye pursuit condition (orange [CS] and shaded orange [ITI] lines), and

blue graphs represent data of the saccadic eye movement condition (blue [CS] and dark blue

[ITT] lines)
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Supplementary Figure 5. Averaged eye movements during extinction (session 2).
Grand-averaged raw electrooculogram across all participants and all trials in the smooth eye
pursuit (orange line) and saccadic eye movement condition (blue line) during session 2,
corrected for individual different latencies in eye movement onset and drifts. The average

time window of CS presentation is highlighted.
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Publikationen

Szeska, C., Richter, J., Wendt, J., Weymar, M., Hamm, A. O. (2021). Attentive immobility in
the face of inevitable distal threat — fear bradycardia and startle potentiation as an index of

emotion and attention. Psychophysiology, 58(6), 1-17. doi: 10.1111/psyp.13812

Szeska, C., Richter, J., Wendt, J., Weymar, M., Hamm, A. O. (2020). Promoting long-term
inhibition of human fear responses by non-invasive transcutaneous vagus nerve stimulation

during extinction training. Scientific reports, 10, 1529. doi: 10.1038/s41598-020-58412-w

Vortrige

Innovative Ansdtze zur Optimierung (psycho-)therapeutischer Verfahren mit Hilfe neuer

Technologien (16. Nationale Branchenkonferenz Gesundheitswirtschaft; Rostock, 03.06.2021)

Non-invasive Vagusnervstimulation als potentielles Mittel der Begiinstigung von
Furchtextinktionslernen (11. Workshopkongress Klinische Psychologie und Psychotherapie /
37. Symposium der Fachgruppe Klinische Psychologie und Psychotherapie der DGPs;

Erlangen, 31.05.2019)

Non-invasive vagus nerve stimulation as a potential booster of fear extinction learning (9™

World Congress of Behavioural and Cognitive Therapies; Berlin, 20.07.2019)
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Poster

Neuroenhancement of fear reduction by stimulation of the brain’s inhibitory pathways [11"

European Meeting on Human Fear Conditioning (EMHFC); Wiirzburg, 07.05.2019]

About the discordance between physiological and subjective indicators of defensive reactivity
in patients with anxiety and depressive disorders [10" European Meeting on Human Fear

Conditioning (EMHFC); Hensol Castle (WAL), 17.04.2018]

About the discordance between physiological and subjective indicators of defensive reactivity
in patients with anxiety and depressive disorders [Summer School of Emotional Learning and

Memory in Health and Psychopathology; Leuven (BEL), 11.09.2017]
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