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ARTICLE INFO ABSTRACT
Keywords: Associative learning and memory mechanisms drive interoceptive signaling along the gut-brain axis, thus
FMRI shaping affective-emotional reactions and behavior. Specifically, learning to predict potentially harmful, visceral
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pain is assumed to succeed within very few trials. However, the temporal dynamics of cerebellar and cerebral
fMRI signal changes underlying early acquisition and extinction of learned fear signals and the concomitant
evolvement of safety learning remain incompletely understood.

3 T fMRI data of healthy individuals from three studies were uniformly processed across the whole brain and
the cerebellum. All studies employed differential delay conditioning (N = 94) with one visual cue (CS™) being
repeatedly paired with visceral pain as unconditioned stimulus (US) while a second cue remained unpaired (CS").
During subsequent extinction (N = 51), all CS were presented without US.

Behavioral results revealed increased CS'-aversiveness and CS’-pleasantness after conditioning and dimin-
ished valence ratings for both CS following extinction. During early acquisition, the CS™ induced linearly
increasing neural activation in the insula, midcingulate cortex, hippocampus, precuneus as well as cerebral and
cerebellar somatomotor regions. The comparison between acquisition and extinction phases yielded a CS™-
induced linear increase in the posterior cingulate cortex and precuneus during early acquisition, while there was
no evidence for linear fMRI signal changes for the CS* during acquisition and for both CS during extinction.

Based on theoretical accounts of discrimination and temporal difference learning, these results suggest a
gradual evolvement of learned safety cues that engage emotional arousal, memory, and cortical modulatory
networks. As safety signals are presumably more difficult to learn and to discriminate from learned threat cues,
the underlying temporal dynamics may reflect enhanced salience and prediction processing as well as increasing
demands for attentional resources and the integration of multisensory information. Maladaptive responses to
learned safety signals are a clinically relevant phenotype in multiple conditions, including chronic visceral pain,
and can be exceptionally resistant to modification or extinction. Through sustained hypervigilance, safety
seeking constitutes one key component in pain and stress-related avoidance behavior, calling for future studies
targeting the mechanisms of safety learning and extinction to advance current cognitive-behavioral treatment

approaches.
1. Introduction neurosciences. Along afferent and efferent pathways, signal trans-
duction and processing between the gut and the brain are increasingly
Translational research into the gut-brain axis has sparked tremen- acknowledged to shape cognition, emotion and behavior [1,2]. While
dous interest in many fields of medicine as well as in the behavioral adaptive bidirectional interactions maintain the homeostatic state in
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healthy organisms, dysfunction of the gut-brain axis contributes to
altered affective and behavioral processes, with implications for multi-
ple clinical conditions [3-6]. This complex interplay between the gut
and the brain relies on interoception, which refers to the neuronal
encoding, representation and integration of bodily signals, the impact of
these signals on perceptions, cognitions and behaviors as well as the
expression of these representations [7-9]. One major function of inter-
oceptive signaling consists in affective-emotional experiences and
memory [10,11], that are likely shaped by associative learning.

Associative learning is best accounted for by principles of Pavlovian
conditioning principles, by which an initially neutral cue (conditioned
stimulus; CS™) is repeatedly paired with an aversive unconditioned
stimulus (US). Upon presentation of the CS™ alone, this stimulus evokes
aresponse previously associated with the US, i.e., conditioned fear. In its
application to the context of the gut-brain axis, conditioning with
ecologically salient interoceptive US, like visceral pain, is capable of
rapidly inducing interoceptive fear in response to the CS™ in humans
[12-14]. Moreover, learned fear was shown to foster hypervigilance and
hyperalgesia in healthy volunteers [15-19] and in patients with chronic
visceral pain [20-22]. In parallel, cues signaling the absence of an
aversive interoceptive US, i.e., the CS’, appear to become potent in-
hibitors of fear responses and as conditioned safety signals acquire
rewarding properties [23]. These safety cues engage distinct neural
activation patterns [24,25], with first evidence from the visceral pain
field supporting separate neural mechanisms underlying fear and safety
learning in the cerebrum [12,14] and cerebellum [21,26,27].

While traditional learning theories [28,29] assume that the asso-
ciative strength between the CS and US aggregates over repeated trials,
fear memories can also be rapidly formed and robustly maintained even
after a single trial [30,31]. Aversive interoceptive perceptions, espe-
cially visceral pain, are highly salient, even when compared to extero-
ceptive pain. As such, interoceptive pain provides a conceptually valid
US to study rapid and uniquely dynamic learning processes, and to
investigate the time course of fear and safety acquisition and extinction.
A first study utilizing visceral pain as US in a rapid conditioning pro-
cedure [32] demonstrated on the behavioral level successful differential
learning with increased CS'-aversiveness and CS-pleasantness after
acquisition and a return to baseline following rapid extinction. Although
CS-US contingencies for the conditioned fear and safety signal were
perceived as significantly different, the CS™-US contingency was highly
overestimated suggesting that the predictive value of the safety cue was
not fully established at the end of the rapid conditioning procedure. On a
neural level, CS'-induced activation patterns resembled the fear
network reported for Pavlovian conditioning procedures in general [24]
and visceral pain specifically [12-14,33]. For the safety signal, however,
no changes in neural activation were evident during acquisition and
extinction. Together with data on conditioned nausea [34] and taste
aversion [35,36], interoceptive visceral pain may thus trigger a funda-
mental learning process and robust fear responses even after very few
learning trials. However, studies addressing the time-dependent neural
mechanisms underlying the initial learning and memory processes of
pain-related fear and safety signals are scarce. Compared to commonly
applied analyses of splitting acquisition and extinction into early, mid,
and late phases, neuroimaging approaches to model putative linear and
non-linear relationships in key brain regions of fear conditioning are a
complex endeavor and have rarely been conducted in animals or
humans. For example, amygdala activation is not consistently reported
across different fear conditioning paradigms [24,37,38] supporting the
assumption that amygdala responses adapt over time and might not be
fully captured in analyses of mean activation across multiple trials [39].
However, results are mixed with some studies supporting this assump-
tion [40,41], while others did not find time-dependent effects [42-44].
Therefore, more studies are needed utilizing linear and non-linear ana-
lyses of time-dependent neural mechanisms that might advance our
understanding about the underlying time courses of key brain regions
implicated in fear learning and extinction.
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The aim of this analysis in a large combined dataset from healthy
human conditioning studies was to explore the differences in the tem-
poral dynamics of early fear and safety learning during acquisition and
subsequent extinction in an experimental model of visceral pain. To do
so, we conducted trial-by-trial analyses of the initial CS-US pairings,
tested for linear changes in neural activation across these trials, and
compared the activation patterns with averaged fMRI signal analyses as
reported in previous neuroimaging studies.

2. Material and methods
2.1. Participants

For the purposes of this report, we combined and reanalyzed
behavioral and 3 T fMRI data from three previously published condi-
tioning studies [12,14,27], providing us with data from a combined
sample of N = 94 healthy and young individuals (51 women and 43 men;
mean age + standard error of the mean (SEM) = 27.04 + 0.86 years,
mean body mass index (BMI) 23.62 + 0.41 kg/mz). These fMRI studies
were conducted with highly standardized and parallelized procedures
for recruitment, screening and data acquisition in the same biomedical
research center with identical methodology for pain-related differential
fear conditioning, as described in more detail below. These consistent
study protocols enabled us to combine data from multiple studies in
order to perform consolidated and quantitative analyses that require
larger datasets. Thus, the results reported herein are novel and exceed
the scope of the primary published analyses of the individual studies.

Recruitment and screening procedures were identical across studies
with the following inclusion criteria: age 18 — 60 years, BMI 18 — 30 kg/
m? and no medical and psychiatric conditions or chronic medication use
except for hormonal contraceptives or occasional use of over-the-
counter pain or allergy medications. All participants completed a
comprehensive questionnaire battery for participant characterization
including screening for anxiety and depression as well as ongoing
gastrointestinal symptoms. A medical examination was conducted to
exclude perianal tissue damage (e.g., painful hemorrhoids) potentially
interfering with the experimental visceral pain model implemented in
all studies (i.e., rectal distensions). All participants gave written
informed consent and were reimbursed for their participation. All study
protocols were approved by the local ethics committee of the University
of Duisburg-Essen, (Germany) and followed the provisions of the
Declaration of Helsinki.

2.2. Study designs and procedures

All studies implemented a differential delay conditioning paradigm
using distinct visual stimuli as CS and visceral pain as US (for details see
Table 1). The acquisition phase was identical for all studies, resulting in
N = 94 data sets. For the extinction phase, N = 51 data sets were
included for analyses herein. This exclusion of data was owed to distinct,
study-specific protocols in primary studies, i.e., a test phase involving US
[14] and a context change [12].

Prior to the experiment, all participants received identical in-
structions that the goal of the respective study was to investigate visceral
pain-related learning and memory processes and that they would see
visual stimuli and experience visceral pain without any information
about CS-US contingencies. This approach demands participants to learn
the associations between CS and US from trial to trial through pre-
dictions, which, in contrast to instructed learning where participants are
informed about CS-US contingencies, does not depend on expectations
raised through prior instructions.

During acquisition, one visual cue (CS") was repeatedly followed by
a visceral pain stimulus (US; duration 14 - 16.8 s varying between
studies) while a second cue (CS") was never followed by the US. For all
studies, a total of 16 CST and 16 CS™ were presented in pseudo-
randomized order and with 75% reinforcement schedule, i.e., 12 CS*
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Table 1
Details on experimental designs and participants in primary studies.
Acquisition Extinction
Study N CS us N us
Icenhour et al. 42 16 CS* 12US 21 6CS*™
[12] 22 16 CS” 14.0s 11 6 CS”
women 8.0-12.0s women 8.0-12.0s
20 men 10 men
Kattoor et al. [13] 30 16 CS* 12US 30 12 CS*
15 16 CS 16.8s 15 12 CS°
women 7.2-12.0s women 7.2-12.0s
15 men 15 men
Labrenz et al. 22 16 CS* 12Us - -
[14] 14 16 CS 16.8s
women 6.0-12.0s
8 men

Selected details on key aspects of experimental designs and participants are
given for primary studies providing the data for the combined analyses pre-
sented herein. Given different combined Ns for acquisition and extinction pha-
ses, we show data separately for these different learning phases including the
number and duration of the conditioned stimuli (CS) and unconditioned stimuli
(US).

were followed by a US. Onset of the US varied randomly within all
studies between 6 and 12 s after CS* onset and both stimuli co-
terminated. The stimulus sequence for all studies started with two CS™
presentations that were both reinforced followed by the first presenta-
tion of the CS". During extinction, a total of 12 CS (6 CS*, 6CS) [12] or
24 CS (12CS*, 12 CS") [27] were presented and never followed by a US.
The stimulus sequence during extinction was the same order as in the
acquisition phase starting with two CS™ presentations followed by the
first presentation of the CS". Inter-trial intervals (ITI) varied between 12
and 20 s.

Visceral pain as US in differential fear conditioning is a clinically
relevant and well-established experimental model that has been vali-
dated in samples of healthy individuals [12-14,32,45] and patients with
chronic visceral pain [20]. Visceral pain stimuli were applied using a
pressure-controlled barostat system (modified ISOBAR 3 device, G & J
Electronics, ON, Canada) and individually calibrated to ensure that
participants would experience adequately painful stimuli during the
experiment based on visual analog scale (VAS) ratings. Further details
on the standardized calibration and thresholding procedures are given
in the primary studies. Following a structural MRI scan, blood oxygen
level dependent (BOLD) responses were acquired using event-related
fMRI during consecutive phases of acquisition and extinction. All
study protocols were accomplished within approximately 1.5 — 2 h on
one day.

2.3. Measures and statistical analyses of behavioral data

At different time points during the conditioning procedure, online
VAS ratings were presented to assess CS valence, CS-US contingencies
and US painfulness using an MRI-compatible hand-held fiber optic
response system (LUMItouchTM, Photon Control Inc., Burnaby, BC,
Canada). Subjective reports in conditioning procedures provide valid
and reliable outcome measures [46] and capture both affective ratings
assessing changes in CS valence and cognitive ratings assessing aware-
ness about the discrimination between CS-US associations. Based on our
previous work, we could demonstrate that, as expected, CS™-aversive-
ness and CS’-pleasantness increase after acquisition and return to base-
line following extinction and that participants are aware about the
CS-US contingencies during acquisition and extinction [12-14,47].

CS valence was assessed at baseline, after acquisition and after
extinction by asking participants “How do you perceive the [symbol]?”
on a VAS ranging from “— 100” indicating very pleasant to “+ 100"
indicating very unpleasant and “0” indicating neutral. Following both
acquisition and extinction, perceived CS-US contingency was assessed

Behavioural Brain Research 427 (2022) 113868

by asking participants “How often was the [symbol] followed by a rectal
distention?” with endpoints “never” indicating 0% and “always” indi-
cating 100%. Overall US painfulness was assessed after acquisition on a
VAS ranging from “not painful at all” (0) to “very painful” (100).

Analyses of behavioral data were performed with the Statistical
Package for the Social Sciences (IBM Corp. Released 2020. IBM SPSS
Statistics for Windows, Version 27.0. Armonk, NY: IBM Corp). For sta-
tistical analyses of VAS CS valence ratings, a repeated measure analysis
of variance (rm-ANOVA) was conducted with within subject factors CS
type (CS™, CS) and phase (baseline, acquisition, extinction). For the
analyses of CS-US contingency, an rm-ANOVA with the within subject
factors CS type (CS™, CS") and phase (acquisition, extinction) was per-
formed. Post-hoc t-tests were carried out for each CS separately using
Bonferroni-correction to control for inflation of alpha (set at p < .05)
and are reported with Cohen’s d.

2.4. fMRI imaging and analysis

MR images for all studies were acquired on a 3 T whole-body MRI
system (MAGNETOM Skyra, Siemens Healthcare GmbH, Erlangen,
Germany) equipped either with a 32-channel head coil [12,14] or with
16 elements of a 20-channel head/neck DirectConnect coil [27]. Struc-
tural images were acquired using a three-dimensional T;-weighted
magnetization prepared rapid acquisition gradient echo (MPRAGE)
sequence and BOLD contrast images were assessed with whole-brain
functional MRI acquisition using echo-planar imaging (EPI) [27] or
multi-echo EPI [12,14]. Details on the scanning parameters for each
study are given in Table 2.

While the primary studies focused mainly on fMRI analyses utilizing
region-of-interest analyses in a priori defined cerebral brain areas, the
contribution of the cerebellum to pain-related differential learning and
memory processes has rarely been addressed, except for one re-analysis
[27]. However, the cerebellum is increasingly acknowledged to modu-
late processing in cortical and subcortical brain structures and to
mediate fear learning [48-51]. By uniformly preprocessing the available
raw data from the primary studies, we therefore aimed to create a large
and homogeneous data set that allows investigating the cerebral and
cerebellar mechanisms underlying pain-related fear and safety acquisi-
tion and extinction. All fMRI analyses were performed using SPM12
(Wellcome Department of Cognitive Neurology, London, UK; htt
p://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab 2019a. Func-
tional images for each participant were corrected for slice timing and
motion and normalized using the inverse deformation field and the in-
dividual warped bias corrected image that were previously segmented
with the CAT12 toolbox implemented in SPM12 (http://www.neuro.un
i-jena.de/cat/). Normalization of the cerebellum was performed using
SUIT (http://www.diedrichsenlab.org/imaging/suit.htm). Images of
the cerebrum were smoothed with an isotropic Gaussian kernel of 8 mm,
while the smoothing kernel for cerebellar images had a FWHM of 4 mm.

First level analyses were carried out using a general linear model. Six
realignment parameters for translation and rotation were included as
multiple motion regressors to account for the rigid body transformation
between each image and a reference image. A temporal high-pass filter
with a cut-off period was set at 128 s. The time series of each voxel was
fitted with a corresponding task regressor modeling a boxcar convolved
with a canonical hemodynamic response function. The first level model
for acquisition included a total of 15 regressors: the first six CS* and first
six CS trials (one trial each), CS* and CS late acquisition (10 trials each)
and US (12 trials; duration 14.0 s or 16.8 s). All CS events were set to a
duration of 0 s. Equivalent regressors were modeled for extinction
including six regressors for each of the initial CS trials (one trial each;
zero duration).

To assess BOLD responses to pain-predictive (CS™) and safety (CS")
cues and the US during acquisition and extinction, we then computed
first level contrasts for each phase and entered them into second level
group analyses.
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Table 2
Parameters of MRI scanning protocols.
TR (ms) TE (ms) FA FOV (mm) Slice no. Slice thick. (mm) Voxel size (mm3) Matrix (mm2) GRAPPA
Icenhour et al. [12] T, 1900 2.13 9° 239 192 0.9 0.9 x 0.9 x 0.9 256 x 256 r=2
EPI 2000 13.0 90° 220 36 3.0 2.8 x 2.8 x 3.0 80 x 80 r=3
28.9
44.8
Kattoor et al. [13] T, 1900 2.13 9° 239 192 0.9 0.9 x 0.9 x 0.9 256 x 256 r=2
EPI 2400 26 90° 240 42 3.0 2.6 x 2.6 x 3.0 94 x 94 r=2
Labrenz et al. [14] T 1900 2.13 9° 239 192 0.9 0.9 x 0.9 x 0.9 256 x 256 r=2
EPI 2000 13.0 90° 220 36 3.0 2.8 x28x3.0 80 x 80 r=3
28.9
44.8

Scanning parameters are given separately for the primary studies. Within each study, parameters were identical for the acquisition and extinction phases, including
repetition time (TR), echo time (TE), flip angle (FA), number of slices (Slice no.), slice thickness (Slice thick.), voxel size, matrix size, all given with 100% phase
resolution and the acceleration factor ‘r’ applied for parallel imaging using the Generalized Autocalibrating Partial Parallel Acquisition (GRAPPA).

Our first aim was to compare overall CS-induced neural activation
patterns across early acquisition and extinction with results from pre-
vious neuroimaging studies implementing visceral pain-related fear
conditioning [12-14,27,32] and with findings from previous
meta-analyses [24,52]. To do so, the averaged BOLD response across the
first six trials of each experimental phase was computed and on the
second level compared against the implicit baseline: [CS™ ACQ > Rest];
[CST EXT > Rest]; [CS" ACQ > Rest]; [CS” EXT > Rest], and between
experimental phases: [CS™ ACQ vs. EXT]; [CS” ACQ vs. EXT]. As a
treatment check and to provide comparability with previous work
assessing pain-related BOLD responses, we moreover computed a one
sample t-test with [US > Rest] across the whole acquisition phase.

In a next step, we aimed to investigate the time course across the first
trials of the acquisition and extinction phase in order to identify putative
time-dependent changes in BOLD responses of the CS. Therefore, zero-
mean linear contrast with increasing [— 2.5, — 1.5, — 0.5, 0.5, 1.5,
2.5] and decreasing [2.5, 1.5, 0.5, — 0.5, — 1.5, — 2.5] contrast weights
were generated for each CS separately. These contrasts were tested on
the group level for each experimental phase by means of one sample t-
tests: [CS* ACQ increase]; [CS™ ACQ decrease]; [CS” ACQ increase]; [CS
ACQ decrease]; [CST EXT increase]; [CST EXT decrease]; [CS™ EXT in-
crease]; [CS” EXT decrease], and between experimental phases by means
of paired t-tests [CS™ ACQ vs. EXT increase]; [CST ACQ vs. EXT
decrease]; [CS” ACQ vs. EXT increase]; [CS” ACQ vs. EXT decrease].

All analyses included study as covariate of no interest to account for
possible biases in MRI data acquisition. Results are reported at the
whole-brain level at p < .05 familywise error rate (FWE) based on
Threshold-Free Cluster Enhancement (TFCE) statistics (http://neuro.
uni-jena.de/tfce/; version 174 2019-01-07).

very unpleasant (100)

neutral (0)

CS Valence (VAS)

very pleasant (-100)

3. Results
3.1. Behavioral data

Behavioral data confirmed successful differential learning of pre-
dictive cue properties as indicated by a significant CS type x phase
interaction for CS valence (F = 81.28, p < .001, nz =.53) (Fig. 1). This
effect resulted from specific valence changes with significantly increased
CS*-aversiveness (t = 12.76, p < 0.001, d = 1.31) and CS™-pleasantness
(t=>5.13, p < .001, d = 0.53) from baseline to acquisition and a relative
return to baseline after extinction for both CS™ (t = 4.82, p < .001,d =
0.57) and CS™ (t = 8.13, p < .001, d = 0.95). Analysis of CS-US contin-
gency also revealed an interaction effect (F = 116.10, p < .001, n? =
0.62) with a significantly higher perceived contingency for CS'-US
pairings compared to the CS’ after acquisition (t = 14.43, p < .001,d =
1.48) that diminished after extinction but still remained significant (t =
2.40, p = .038, d = 0.28).

In line with the primary studies, US intensity after acquisition was
rated with 72.47 + 1.66 mm indicating that participants perceived the
visceral pain stimulus applied during acquisition as painful.

3.2. fMRI data

3.2.1. Averaged BOLD responses during early acquisition and extinction
Findings of CS-induced BOLD responses during early acquisition and
early extinction are summarized in Tables 3 and 4, respectively. During
early acquisition, enhanced CS*-related activation (Fig. 2A) was
observed in the inferior, middle, and superior frontal gyrus, lateral
orbital gyrus, anterior insula, midcingulate cortex, inferior and superior

always (100)
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Fig. 1. Behavioral data on CS valence (left panel) and CS-US contingency (right panel) assessed with visual analogue scales (VAS) at baseline, after acquisition and
after extinction. Data are shown as mean + standard error of the mean. *** p <. 001, * p < .05.
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Table 3

Averaged BOLD responses during early acquisition.
Location kg X y z TFCE PrwE Network
CS™ > Rest
Inferior occipital gyrus 151985 24 -87 -1 32262.06 < 0.001 Visual
Middle occipital gyrus 31 -89 3 31318.52 < 0.001 Visual
Supramarginal gyrus 20218 -55 -50 38 9981.37 < 0.001 Default
Superior parietal lobule -48 -51 63 8836.55 < 0.001 Fronto-parietal
Angular gyrus -44 -55 56 8536.84 < 0.001 Fronto-parietal
Inferior frontal gyrus tri. 97509 53 22 0 8860.08 < 0.001 Default
Inferior frontal gyrus oper. 52 19 3 8833.71 < 0.010 Fronto-parietal
Inferior frontal gyrus orb. 44 25 -15 8764.26 < 0.001 Default
Anterior insula 45 21 -7 8744.34 < 0.001 Default
Middle frontal gyrus 45 10 48 8609.71 < 0.001 Fronto-parietal
Superior frontal gyrus 27 55 15 7883.24 < 0.001 Fronto-parietal
Angular gyrus 33610 50 -56 54 7856.83 < 0.001 Fronto-parietal
Supramarginal gyrus 54 -42 32 7818.88 < 0.001 Default
Superior parietal lobule 41 -56 56 7645.28 < 0.001 Fronto-parietal
Middle frontal gyrus 50542 -32 50 26 6804.67 .001 Ventral attention
Inferior frontal gyrus orb. -39 54 -3 6380.20 .001 Fronto-parietal
Lateral orbital gyrus -43 50 -10 6127.64 .001 Default
Thalamus 421 -9 -3 0 2937.95 .041 -
Pallidum -13 4 -1 2854.00 .045 -
Midcingulate cortex 215 1 -21 30 2912.53 .043 Fronto-parietal
Putamen 1 26 13 10 2843.02 .047 -
Middle temporal gyrus 1 72 -26 -16 2824.65 .048 Fronto-parietal
Cerebellar Crus I 36420 -27 -79 -21 4788.96 < 0.001 Fronto-parietal
Cerebellar lobule VI -32 -62 -30 4138.28 < 0.001 Fronto-parietal
Cerebellar Crus II -16 -74 -37 3533.32 < 0.001 Fronto-parietal
Cerebellar Crus I 32 77 -20 3354.09 < 0.001 Default
Cerebellar lobule VI 29 -72 -18 3029.58 < 0.001 Visual
Cerebellar lobule X 183 -16 -37 -46 808.47 .042 Fronto-parietal
Cerebellar lobule IX 51 -7 -56 -43 779.51 .046 Default
CS™ > Rest
Fusiform gyrus 740798 -25 -85 -18 53652.82 < 0.001 Visual
Inferior occipital gyrus -26 -91 0 52561.46 < 0.001 Visual
Angular gyrus 23 57 -68 44 4100.89 .009 Default
Angular gyrus 1 41 -54 22 3219.50 .024 Default
Postcentral gyrus 318 53 -13 66 2904.27 .035 Somatomotor
Inferior frontal gyrus oper. 1 -63 3 11 2825.15 .038 Ventral attention
Middle frontal gyrus 1 -31 -20 36 2825.15 .038 Somatomotor
Superior frontal gyrus 2 -23 65 0 2825.15 .038 Default
Gyrus rectus 1 1 47 -26 2825.15 .038 Limbic
Anterior cingulate cortex 1 16 34 22 2825.15 .038 Fronto-parietal
Midcingulate cortex 1 -8 21 36 2825.15 .038 Ventral attention
Midcingulate cortex 5 13 18 29 2825.15 .038 Ventral attention
Posterior insula 1 -38 -7 2 2825.15 .038 Ventral attention
Posterior insula 1 36 -15 0 2825.62 .038 Ventral attention
Precentral gyrus 1 -43 6 40 2825.15 .038 Fronto-parietal
Precentral gyrus 1 39 -23 59 2825.15 .038 Somatomotor
Postcentral gyrus 1 -64 -9 28 2825.15 .038 Somatomotor
Parahippocampal gyrus 1 24 0 -34 2825.97 .038 Limbic
Rolandic operculum 1 37 -27 21 2825.15 .038 Somatomotor
Middle temporal gyrus 1 -66 -21 -24 2825.15 .038 Default
Middle temporal gyrus 5 63 -21 -14 2825.15 .038 Default
Superior temporal gyrus 1 -66 -45 19 2825.62 .038 Ventral attention
Temporal pole 1 58 8 -24 2825.15 .038 Default
Supramarginal gyrus 1 68 -27 22 2825.15 .038 Ventral attention
Caudate nucleus 2 -16 -1 21 2825.15 .038 -
Caudate nucleus 1 13 22 -5 2825.15 .038 -
Cerebellar Crus I 59628 -27 -82 -22 6684.60 < 0.001 Default
Cerebellar lobule VI -28 -71 -24 6564.62 < 0.001 Fronto-parietal
Cerebellar lobule I-IV 215 -10 -38 -22 814.30 .036 Somatomotor
Cerebellar lobule I-IV -8 -46 -26 752.11 .048 Limbic

Results of one sample t-tests assessing CS-induced BOLD responses against rest across the first six trials of the acquisition phase. Peak activations in the cerebrum are
given with MNI coordinates and the corresponding large-scale network according to [124]. Peak activations in the cerebellum are given with SUIT coordinates and the
corresponding large-scale network according to [123]. Activation clusters are reported with cluster size kE after application of Threshold-Free Cluster Enhancement
(TFCE) at p < .05 familywise error (FWE) correction. Abbreviations: tri., triangularis; oper., opercularis; orb., orbitalis.

parietal lobule, pallidum, putamen, and thalamus. Cerebellar peak ac-
tivations encompassed clusters in Crus I, Crus II, and lobules VI, IX, and
X. Analyses of the CS (Fig. 2B) yielded increased BOLD responses mainly
in the primary somatosensory cortex and additionally in small clusters
encompassing the inferior, middle, and superior frontal gyrus, gyrus
rectus, anterior and midcingulate cortex, posterior insula, para-
hippocampal gyrus, Rolandic operculum, inferior parietal lobule,

temporal lobe, and caudate nucleus. Clusters in the cerebellum showing
increased CS™-related responses involved Crus I, lobule I-IV, and lobule
VL

During extinction, enhanced CS*-induced activation (Fig. 2C) was
observed in the inferior parietal lobule as well as in cerebellar Crus I and
11, lobule VIIb, VIIIb, and VI. In contrast, analysis of the CS™ (Fig. 2D)
revealed a stronger involvement of the inferior and middle frontal gyrus
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Table 4

Averaged BOLD responses during early extinction.
Location kg X y z TFCE PrwE Network
CS™ > Rest
Middle occipital gyrus 49346 -25 -93 1 5546.86 .001 Visual
Inferior occipital gyrus -27 -92 -10 5410.00 .002 Visual
Angular gyrus 3366 54 -51 50 3237.19 .021 Fronto-parietal
Supramarginal gyrus 51 -46 56 2896.35 .033 Fronto-parietal
Cerebellar Crus I 12479 -26 -74 -28 1814.64 < 0.001 Default
Cerebellar Crus I -33 -69 -26 1740.32 .001 Fronto-parietal
Cerebellar lobule VIIb -19 -75 -48 1398.94 .002 Ventral attention
Cerebellar Crus I -14 -79 -39 1341.91 .003 Default
Cerebellar Crus II 1365 21 -78 -48 965.00 .023 Fronto-parietal
Cerebellar Crus II 33 -76 -44 910.01 .028 Default
Cerebellar lobule VIIb 217 39 -67 -59 919.16 .027 Fronto-parietal
Cerebellar Crus I 1522 9 -78 -29 913.36 .028 Fronto-parietal
Cerebellar Crus I 21 -82 -21 892.94 .030 Default
Cerebellar lobule VI 45 -17 -71 -18 797.87 .046 Ventral attention
CS™ > Rest
Middle occipital gyrus 30357 -28 -96 -2 4999.54 .003 Visual
Inferior occipital gyrus -23 -90 -11 4432.98 .005 Visual
Middle frontal gyrus 847 -43 48 13 3327.12 .024 Fronto-parietal
Inferior frontal gyrus tri. -49 48 7 3082.41 .034 Fronto-parietal
Middle frontal gyrus 378 46 50 5 2984.10 .038 Fronto-parietal

Results of one sample t-tests assessing CS-induced BOLD responses against rest across the first six trials of the extinction phase. Peak activations in the cerebrum are
given with MNI coordinates and the corresponding large-scale network according to [124]. Peak activations in the cerebellum are given with SUIT coordinates and the
corresponding large-scale network according to [123]. Activation clusters are reported with cluster size kE after application of Threshold-Free Cluster Enhancement

(TFCE) at p < .05 familywise error (FWE) correction.
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Fig. 2. CS-induced averaged BOLD responses during early acquisition and extinction displayed separately for the cerebrum (upper panel) and cerebellum (lower
panel). Analyses of one sample t-tests yielded for the CS™ during acquisition (A) significant clusters in inferior, middle, and superior frontal gyrus, lateral orbital
gyrus, anterior insula, midcingulate cortex, inferior and superior parietal lobule, pallidum, thalamus, cerebellar Crus I, Crus II, lobules VI, X, and IX. Enhanced CS™-
induced activation during acquisition (B) was found in angular and postcentral gyrus as well as cerebellar Crus I, lobules I-IV and VI. For the CS* during extinction
(C), enhanced neural activation was observed in angular and supramarginal gyrus as well as cerebellar Crus I, Crus II, lobules VI and VIIb. For the CS™ (D) increased
neural activation was found in inferior and middle frontal gyrus. Significant clusters in the cerebellum are based on the SUIT atlas introduced by [122] and are
displayed on a surface-based flatmap of the cerebellum (http://www.diedrichsenlab.org/imaging/suit flatmap.htm). Activations indicated in black exceed the
respective TFCE t threshold. All activation clusters are displayed at p < .05 familywise error rate (FWE) correction based on the Threshold-Free Cluster Enhancement

(TFCE) statistic image.

while no cerebellar clusters emerged.

Analyses of differential responses comparing CS-related activation
between experimental phases demonstrated enhanced BOLD responses
during early extinction compared to early acquisition only for the CS™ in
the precuneus (kg = 141; MNI coordinates x = 3,y = —60, z = 20, TFCE
t = 2451.84, p = .047), which corresponds to the default mode network.

However, no differential responses were evident in the reverse contrast
or for analyses of the CS".

Analysis of neural responses induced by the visceral pain US
(Table 5, Fig. 3) across the whole acquisition phase revealed a wide-
spread network including the inferior, middle, and superior frontal
gyrus, lateral orbital gyrus, anterior insula, precentral gyrus, inferior
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Table 5

Distension-induced neural activation.
Location kg X y z TFCE PrwE Network
Anterior insula 113651 37 7 9 21766.94 < 0.001 Ventral attention
Inferior frontal gyrus oper. 53 10 6 20610.40 < 0.001 Ventral attention
Putamen 26 9 6 13924.36 < 0.001 -
Precentral gyrus -56 6 3 13605.86 < 0.001 Ventral attention
Pallidum 16 5 0 13560.32 < 0.001 -
Thalamus 8 -5 0 12881.24 < 0.001 -
Supramarginal gyrus 26214 50 -26 26 15592.75 < 0.001 Ventral attention
Angular gyrus 53 -51 53 10786.88 < 0.001 Fronto-parietal
Middle occipital gyrus 71130 28 -100 -1 12941.54 < 0.001 Visual
Calcarine cortex -8 -95 -5 12514.47 < 0.001 Visual
Supramarginal gyrus 13087 -63 -37 35 10873.77 < 0.001 Ventral attention
Angular gyrus -55 -55 45 4533.97 .005 Default
Middle frontal gyrus 7436 38 46 35 4175.85 .009 Ventral attention
Inferior frontal gyrus tri. 44 44 3 3722.05 .014 Fronto-parietal
Superior frontal gyrus 31 57 26 3225.56 .029 Fronto-parietal
Lateral orbital gyrus 40 59 -12 3165.04 .032 Fronto-parietal
Cerebellar lobule VI 26300 -30 -64 -26 6618.08 < 0.001 Fronto-parietal
Cerebellar lobule VI -32 -56 -27 6592.89 < 0.001 Ventral attention
Cerebellar Crus I -30 -72 -25 5657.57 < 0.001 Fronto-parietal
Cerebellar Crus I -25 -80 -24 2704.25 < 0.001 Default
Cerebellar Vermis IX 1 -54 -33 2516.22 .001 Default
Cerebellar lobule VIIIa -21 -65 -45 2490.98 .001 Ventral attention
Cerebellar lobule VIIb -18 -71 -44 2256.24 .001 Ventral attention
Cerebellar Crus II -31 -71 -42 2135.22 .001 Fronto-parietal
Cerebellar lobule I-IV 0 -50 -20 1681.69 .003 Somatomotor
Cerebellar lobule VI 9716 30 -62 -24 2310.62 .001 Ventral attention
Cerebellar lobule VI 34 -44 -39 2061.28 .001 Fronto-parietal
Cerebellar Crus I 35 -70 -27 2021.54 .001 Fronto-parietal
Cerebellar lobule I-IV 27 -33 -35 1901.93 .002 Limbic
Cerebellar lobule V 29 -35 -32 1897.20 .002 Somatomotor
Cerebellar lobule X 27 -38 -42 1614.51 .003 Dorsal attention
Cerebellar lobule VIIb 37 -47 -49 1135.05 .016 Ventral attention
Cerebellar lobule VIIIa 34 -43 -46 1132.02 .016 Ventral attention
Cerebellar Crus II 32 -68 -40 946.94 .031 Default
Cerebellar lobule VIIb 338 19 -69 -46 1053.93 .021 Dorsal attention

Results of the sample t-test assessing US-induced neural activation across the whole acquisition phase by means of the averaged BOLD response contrasted against rest.
Peak activations in the cerebrum are given with MNI coordinates and the corresponding large-scale network according to [124]. Peak activations in the cerebellum are
given with SUIT coordinates and the corresponding large-scale network according to [123]. Activation clusters are reported with cluster size kE after application of
Threshold-Free Cluster Enhancement (TFCE) at p < .05 familywise error (FWE) correction.

parietal lobule, pallidum, putamen, and thalamus. Cerebellar activation
clusters encompassed Crus I and II, lobules I-IV, V, VI, VIIb, and VIIIa, X
as well as Vermis IX.

3.2.2. Temporal dynamics of BOLD responses during early acquisition and
extinction

Results of CS-induced increases in BOLD responses during early
acquisition and early extinction are summarized in Table 6. During early
acquisition, a linear increase in BOLD responses was observed only in
response to the CS™ (Fig. 4) with clusters encompassing mainly the
anterior and posterior insula, midcingulate cortex, paracentral lobule,
supplementary motor cortex, angular gyrus, precuneus, and hippocam-
pus as well as small clusters encompassing the superior frontal gyrus,
precentral and postcentral gyrus, Rolandic operculum, superior parietal
lobule, pallidum, putamen, and thalamus. Increases in cerebellar BOLD
responses were found in lobules I-IV, V, and VI. (Table 7). During early
extinction, analyses of linear contrasts revealed no significant increase
or decrease in BOLD responses for either CS.

Finally, analyses comparing the trial-by-trial changes in BOLD re-
sponses between the experimental phases revealed an increase in neural
activation in response to the CSduring early acquisition compared to
early extinction in the posterior cingulate cortex and precuneus without
any contribution of the cerebellum. In the reverse contrast as well as for
the CS™, analyses yielded no significant differential activation.

4. Discussion

The ability to predict potentially harmful signals arising from the gut

is an evolutionary preserved learning process aiming at self-protection
and survival. The immediate association of interoceptive signals with
environmental cues is therefore assumed to succeed within very few
trials, as demonstrated in experimental settings investigating visceral
pain-related fear conditioning, extinction, and reinstatement [32],
conditioned nausea [34] and taste aversion [35,36]. In the presence of
such highly aversive events, cues signaling the absence of imminent pain
acquire characteristics of relief, reward, and safety and act as potent
inhibitors of fear [23]. However, as successful safety learning relies on a
consolidated association between a threat cue and the aversive US, the
underlying time courses of fear and safety learning presumably diverge.
Therefore, we aimed to confirm and extend previous work addressing
the neural mechanisms engaged during visceral pain-related learning
and memory processes in a large combined sample. Previous analyses
have mainly relied on the averaged neural activation across learning
phases, implicating that human fear-conditioning experiments evoke
consistent BOLD responses to conditioned stimuli. In line with theoret-
ical models of learning [28], however, accumulating evidence demon-
strates the relevance of transient responses during fear learning and
extinction that are capable to depict the temporally graded evolvement
of conditioned responses [53]. Therefore, our second aim was to identify
the time-dependent neural responses to conditioned threat and safety
signals during early phases of visceral pain-related acquisition and
extinction.

Behavioral evaluations of differential fear conditioning are
commonly assessed using subjective ratings of CS valence that contrast
emotional states of aversiveness with states of pleasantness [46,54,55].
Utilizing visceral pain as US, contingent CS-US pairings consistently
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induced an increase in negative emotional valence of the threat cue
while cues signaling the absence of pain were increasingly reported as
pleasant [12-14,32,56]. Our behavioral results from the combined
sample confirmed these findings, accompanied by accurate CS-US con-
tingency ratings and high aversiveness of the visceral pain stimulus.
After repeated exposure to the conditioned stimuli without presentation
of the US, CS valence and CS-US contingency ratings expectedly
diminished demonstrating successful extinction. In line with the fMRI
trial-by-trial analysis approach, respective behavioral data derived from
intermittent ratings would have been beneficial in providing a more
detailed insight into the underlying learning dynamics. However, the
time points for the assessment of subjective learning measures need to be
carefully balanced between methodological considerations and the
study aim. For instance, including ratings of CS valence and CS-US
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Fig. 3. US-induced neural activation during the whole
acquisition phase. Increased neural activation was
observed in inferior, middle, and superior frontal gyrus,
lateral orbital gyrus, precentral gyrus, anterior insula,
inferior parietal lobule, pallidum, and putamen. Cerebellar
clusters encompassed Crus I and II as well as lobules I-1V,
VI, V, IX, X, VIIb, and VIIIa. Significant clusters in the
cerebellum are based on the SUIT atlas introduced by [122]
and the 7-network parcellation [123] and are displayed on
a surface-based flatmap of the cerebellum (http://www.di
edrichsenlab.org/imaging/suit_flatmap.htm). All activa-
tion clusters are displayed at p < .05 familywise error rate
(FWE) correction based on the Threshold-Free Cluster
Enhancement (TFCE) statistic image.

contingencies during the experimental phases may interfere with the
learning process, e.g., by creating contingency awareness and triggering
other memory processes that in turn may affect the strength of the
developing conditioned response [46].

In line with previous work elucidating the brain mechanisms
involved in the generation of conditioned emotional responses [24,57],
our results of the averaged neural activation confirmed the involvement
of consistently evoked large-scale, yet distinct brain networks mediating
visceral pain-related fear and safety learning. During early acquisition,
the threat cue recruited a widespread network of fronto-parietal areas,
anterior insula, midcingulate cortex, pallidum, and thalamus as well as
cerebellar Crus I, Crus II and lobules VI, IX, and X which correspond to
the fronto-parietal, default and visual network. For the safety cue, we
observed increased neural activation in prefrontal and somatomotor
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Table 6

Trial-by-trial changes in BOLD responses during early acquisition.
Location kg X y z TFCE PrwE Network
CS™ linear increase No significant results
CS™ linear decrease No significant results
CS’ linear increase
Parahippocampal gyrus 5116 -31 -38 -9 3560.43 .017 Visual
Lingual gyrus -25 -44 -9 3444.40 .020 Visual
Fusiform gyrus -24 -47 -17 3244.62 .025 Visual
Middle occipital gyrus 5637 -38 -85 28 3473.16 .019 Dorsal attention
Middle occipital gyrus 3668 44 -76 24 3245.63 .025 Dorsal attention
Middle temporal gyrus 41 -69 21 3200.45 .027 Dorsal attention
Angular gyrus 43 -75 33 3031.59 .031 Fronto-parietal
Supplementary motor area 9346 13 1 45 3147.80 .029 Somatomotor
Midcingulate cortex 13 -10 44 3105.90 .030 Somatomotor
Supplementary motor area -2 -13 57 3088.31 .030 Somatomotor
Anterior insula 7365 43 0 16 3131.84 .029 Somatomotor
Posterior insula 37 -6 15 3100.85 .030 Somatomotor
Precuneus 9278 24 -55 27 3052.79 .031 Visual
Superior occipital gyrus 21 -71 29 3038.01 .031 Visual
Cuneus 19 -58 20 3014.29 .033 Default
Hippocampus 503 32 -26 -13 2860.17 .041 -
Paracentral lobule 887 9 -35 57 2844.20 .042 Somatomotor
Inferior temporal gyrus 293 49 -46 -8 2776.61 .046 Dorsal attention
Middle temporal gyrus 52 -53 -2 2730.15 .049 Dorsal attention
Superior frontal gyrus 1 22 -10 59 2836.86 .042 Dorsal attention
Putamen 1 29 6 4 2774.72 .046 -
Rolandic operculum 1 42 -20 18 2774.72 .046 Somatomotor
Superior parietal lobule 1 20 -58 54 2773.11 .046 Visual
Precentral gyrus 2 20 -20 64 2772.21 .046 Somatomotor
Precentral gyrus 1 -20 -18 59 2772.21 .046 Somatomotor
Postcentral gyrus 1 25 -39 60 2740.13 .049 Somatomotor
Pallidum 1 22 -1 -2 2746.77 .048 -
Thalamus 1 19 -15 2 2746.77 .048 -
Cerebellar lobule I-IV 596 2 -44 -14 892.83 .018 Somatomotor
Cerebellar lobule I-IV -4 -50 -21 804.10 .031 Limbic
Cerebellar lobule VI 302 -18 -56 -26 803.16 .031 Somatomotor
Cerebellar lobule V -18 -52 -15 739.63 .044 Somatomotor
Cerebellar lobule V -14 -50 -22 729.84 .045 Somatomotor

CS linear decrease No significant results

Results of one sample t-tests assessing CS-induced neural activation across the first six trials of the acquisition phase by means of zero-mean linear increases and
decreases in BOLD responses. Peak activations in the cerebrum are given with MNI coordinates and the corresponding large-scale network according to [124]. Peak
activations in the cerebellum are given with SUIT coordinates and the corresponding large-scale network according to [123]. Activation clusters are reported with
cluster size kE after application of Threshold-Free Cluster Enhancement (TFCE) at p < .05 familywise error (FWE) correction.

areas, anterior and midcingulate cortex, posterior insula, inferior pari-
etal lobule, and caudate nucleus with additional cerebellar engagement
of Crus I, lobules I-IV and VI. Together, these results extend knowledge
about the involvement of specially the dorsolateral prefrontal cortex
(PFC), anterior insula, ventral striatum, and thalamus during
pain-related fear learning, while learning about cues signaling the
absence of pain engages anterior and ventromedial parts of the PFC and
brain regions implicated in somatosensory processing. The pattern of
cerebellar activations are in very good agreement with previous fMRI
studies on fear learning using aversive somatic stimulation [52,58], and
provide further evidence that the cerebellum is part of the neuro-
circuitry for fear and anxiety [59]. Moreover, in contrast to the cerebral
activation patterns, cerebellar regions identified during initial fear and
safety learning were largely identical, in line with studies emphasizing
that the role of the cerebellum goes far beyond motor learning and
performance, and includes a contribution to various cognitive and
emotional functions [60,61]. During extinction, threat-related brain
responses were observed in the inferior parietal lobule, cerebellar Crus I,
Crus II, lobule VI and VIIb, while safety learning engaged the ventro-
lateral and dorsolateral PFC. Overall, cerebral brain responses were
diminished for both cues during extinction compared to acquisition. The
inferior parietal lobule serves as a hub to integrate cross-modal infor-
mation and is involved in focused attention as well as the allocation and
reorientation of attention to relevant information through bottom-up
pathways [62]. The ventrolateral PFC is of pivotal importance in the
regulation of attention and emotion [63-67], including the evaluation

and regulation of threat-related stimuli [68]. Likewise, the dorsolateral
PFC is associated with conscious threat appraisal [69,70], working
memory and attentional processes [71]. As CS-US contingencies have
changed for the threat cue during extinction that now also signals the
absence of pain, increased attentional resources may be necessary to
govern putative changes for the safety cue. Moreover, the fear response
is assumed to gradually decrease, thereby initiating a re-evaluation of
the safety cue that is no longer required to inhibit the fear response.
Taken together, the herein identified brain networks during early
acquisition and partially also during early extinction substantiate pre-
vious findings, implicating the relevance of fronto-parietal areas, ante-
rior insula, basal ganglia, and thalamus as well as cerebellar regions
mediating cognitive-emotional aspects in associative learning and
memory processes. However, the dynamic changes within these net-
works and the putative differences in the temporal evolvement of
conditioned threat and safety cues have rarely been investigated. As
visceral pain-related conditioning is assumed to occur rapidly [32],
possibly due to the high salience of visceral pain compared to other
modalities [45,56], this model might be ideally suited to investigate the
temporal dynamics underlying fear and safety learning.

Approaches to model time-dependent neural mechanisms comple-
ment commonly applied analyses of splitting acquisition and extinction
into early, mid, and late phases, and may advance knowledge about the
dynamic temporal changes in key brain regions implicated in pain-
related fear learning and extinction. Utilizing trial-by-trial analyses,
we found gradually increasing neural activation during initial safety
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learning in the anterior and posterior insula, midcingulate cortex, hip-
pocampus, medial and inferior parietal lobule as well as cerebral and
cerebellar somatomotor regions. This neural activation pattern partially
overlaps with the networks identified across the whole acquisition
phase, but also emphasizes the gradual evolvement of brain responses
specifically in the anterior insula, hippocampus, precuneus, supple-
mentary motor area and paracentral lobule. These results are well in line
with our previous work demonstrating that in the context of visceral
pain, initially neutral cues rapidly engage emotional arousal,
homeostatic-afferent and cortical modulatory networks during early
differential conditioning [12,14]. However, there was no evidence for
dynamic temporal changes in response to the threat cue during acqui-
sition or time-dependent mechanisms in response to either cue during
extinction.
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Fig. 4. CS-induced trial-by-trial changes in BOLD re-
sponses during early acquisition displayed separately for
the cerebrum (upper panel) and cerebellum (lower panel).
Analyses of one sample t-tests yielded for the CS™ during
acquisition significantly increased neural activation in
anterior and posterior insula, midcingulate cortex, pre-
cuneus, hippocampus, angular gyrus, supplementary motor
area, paracentral lobule as well as cerebellar lobules I-IV, V
and VI. Significant clusters in the cerebellum are based on
the SUIT atlas introduced by [122] and are displayed on a
surface-based flatmap of the cerebellum (http://www.died
richsenlab.org/imaging/suit flatmap.htm). All activation
clusters are displayed at p < .05 familywise error rate
(FWE) correction based on the Threshold-Free Cluster
Enhancement (TFCE) statistic image.

The formation of associations between stimuli and the expression of
corresponding behaviors is a major aspect in classical conditioning.
Learning to discriminate different stimuli is therefore a fundamental
ability to direct behavior and, in terms of visceral pain, even critical for
survival [72]. This form of discrimination learning during classical
conditioning procedures is achieved through reinforcement of one
stimulus (CS™) with the US while the other stimulus (CS’) is not rein-
forced. Based on these contingencies, participants learn to distinguish
between cues predicting negative outcomes and safety cues predicting
positive outcomes. Herein, the threat cue has been associated with the
frequent occurrence of the US during acquisition and thus is a
feature-positive stimulus, i.e., individuals learn better to detect the as-
sociation between two stimuli than the absence of a stimulus [73,74].
During this learning course, negatively reinforced cues induce wider
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Table 7
Trial-by-trial changes in differential BOLD responses during early acquisition vs.
early extinction.

Location kg X y z TFCE prwe  Network
CS™ linear increase No significant results
ACQ > EXT
CS" linear increase No significant results
EXT > ACQ
CS linear increase ACQ > EXT
Precuneus 10937 -10 -57 6 3040.28  .022 Visual
Posterior cingulate -12 53 6 3025.52  .023 Default
cortex
Precuneus 9 -49 12 2949.25  .025 Default
Lingual gyrus 9 52 4 2948.44  .025 Default
Lingual gyrus 4573 25 49 9 2752.53 .032  Visual
Fusiform gyrus 29  -41  -19 272198 .033  Visual
Middle occipital 570 -34 83 27 2523.51 .044  Visual
gyrus
CS linear increase No significant results
EXT > ACQ

Results of paired t-tests assessing CS-induced differential neural activation
during early acquisition versus early extinction. Peak activations in the cere-
brum are given with MNI coordinates and the corresponding large-scale network
according to [124]. Activation clusters are reported with cluster size kE after
application of Threshold-Free Cluster Enhancement (TFCE) at p < .05 family-
wise error (FWE) correction.

generalization curves and increase sensory thresholds that are needed to
perceive non-aversive stimuli as different [75-77]. Specifically, visceral
pain as a ubiquitous and uniquely aversive sensation is capable to
readily induce strong and robust fear responses [12-14,16,19,32] that
are perceived as more unpleasant and fear provoking compared to other
pain modalities [45,47,56,78,79].

On the other hand, safety signals are feature-negative cues and thus
probably take longer to learn than aversive, feature-positive cues as
individuals experience difficulties in processing non-occurrences of
stimuli, i.e., the absence of the US [80,81]. This type of learning may be
accounted for by temporal difference algorithms where prediction errors
are used as teaching signal to detect which stimuli are contingently
followed by rewards, e.g. during avoidance behavior [82,83]. It has
been assumed that these prediction errors may have characteristics of an
attention signal reflecting the increased salience in response to the un-
expected receipt and omission of reward [84,85]. Therefore, increasing
demands for safety learning might be reflected by a stronger involve-
ment of salience processing, allocation of attentional resources and the
integration of multisensory information. First evidence in animals
demonstrated that increased salience of the safety cue improves the
exploration and discrimination of non-threatening stimuli, thereby
decreasing fearful responses [86] while inhibition of basolateral amyg-
dala neurons disrupts the maintenance of conditioned stimulus salience
[871.

One brain region highly implicated in salience processing in humans
is the anterior insula, serving to detect novel stimuli or salient events, to
mediate interoceptive attention, and to coordinate cognitive, emotional
and central-executive networks to guide behavior [88-91]. Specifically,
during initial safety learning, when participants are presumably not
fully aware about safety cue properties, increased salience and attention
to physiological signals arising from the body may induce hypervigi-
lance in order to prepare for potential imminent pain. This fits well with
increased activation of the precuneus and hippocampus that were also
part of the safety network identified by others [24]. The precuneus has
been demonstrated to have distinct subdivisions encompassing senso-
rimotor, cognitive-associative and visual functions [92] and is known to
implement a wide range of higher-order cognitive functions as well as to
elaborate highly integrated and associative information [93]. Together
with the anterior insula, the precuneus moreover forms a fronto-parietal
attention circuit implicated in alertness, sustained attention and recol-
lection [94,95]. Considerable evidence has indicated the hippocampus
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in the neural circuitry of fear conditioning as a key region supporting the
acquisition, consolidation, retrieval and contextual modulation of fear
[96,97] as well as the regulation of fear and avoidance [98,99]. Spe-
cifically, in interaction with the amygdala, the hippocampus is assumed
to form declarative representations of stimuli with emotional signifi-
cance [37,100].

The gradual evolvement of safety cue properties inevitably depends
on the incremental capability of the threat cue in predicting imminent
pain, both associative learning processes resulting from the difference
between the expected and actual outcome. This prediction signal am-
plifies or attenuates expectations arising with CS appearance throughout
consecutive trials of explicit and implicit cue-outcome presentations
[101]. Opposed to instructed learning paradigms, our participants did
not receive any information about CS-US contingencies, requiring them
to learn trial by trial to differentiate between cues signaling imminent
visceral pain and cues signaling the absence of pain. The neural acti-
vation pattern underlying the early time course of safety learning cor-
responds to a neuroimaging study demonstrating that the insula,
supplementary motor and visual cortices mediate positive prediction
signaling. For time-dependent changes in neural activation related to the
CS’, we observed an increased contribution of somatomotor cerebellar
regions that might reflect anticipatory processes to prepare the organism
for upcoming non-occurrence of aversive experiences and concomitant
relaxation [102]. Time-dependent changes, however, only partly over-
lapped with cerebellar regions activated related to the CS- in early
acquisition compared to rest. Reasons are unclear, and findings need to
be verified in future studies.

While distinct neural processing of safety cues does not appear to be
specific to pain-related conditioning [24], it may bear special relevance
in chronic pain as a mechanism underlying maladaptive avoidance
behavior, particularly regarding interoceptive, visceral pain [56]. In
general, learned safety signals are adaptive, provide relief from fearful
situations and foster inhibition of learned fear [23]. However, aberrant
safety learning, behavior and deficient extinction constitute a clinically
relevant phenotype in fear- and stress-related disorders including post-
traumatic stress disorder [103,104] and depression [105,106]. Likewise,
patients with disorders of the gut-brain axis like irritable bowel syn-
drome (IBS) demonstrate altered fear acquisition [20,107-111], fear
extinction [20,22] and reactivation of visceral pain-related memories
[20]. First evidence moreover indicates that IBS patients rate safety cues
as more pleasant after acquisition, more accurately report safety cue
contingency, and demonstrate increased neural activation in
reward-related brain regions [20]. Through sustained hypervigilance,
safety seeking becomes maladaptive and constitutes one key component
in pain-related avoidance behavior [112], calling for future studies
addressing avoidance behavior rather than fear reduction to advance
treatment approaches in chronic pain [113]. Cognitive behavioral
therapy (CBT) has been shown to effectively address the evaluation and
modification of IBS patients’ thoughts and behavior by remediating
maladaptive affective-cognitive processes [114-117]. Specifically,
exposure techniques as one component of CBT are reported to alleviate
symptom-related anxiety and symptom severity by challenging patients
to gradually face situations they commonly avoid [118], to incorporate
behavior that likely triggers gastrointestinal symptoms [119] or to
assess their safety behaviors [120]. Through targeted interventions,
patients can therefore benefit from the therapeutic effects of extinction
learning to reduce fear and maladaptive emotions and cognitions.
Despite their clinical relevance and documented efficacy, however, little
is known about the processes by which cognitive behavioral therapies
like exposure achieve their effects. Based on first experimental evidence
in healthy individuals on visceral pain-related fear and safety acquisi-
tion and extinction, as for example reported herein, further studies are
needed to unravel the behavioral and neural mechanisms of the
gut-brain axis relevant to these behavioral treatment approaches [121].
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