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ABSTRACT

The cerebellum is involved in the acquisition and consolidation of learned fear responses. Knowledge about its
contribution to extinction learning, however, is sparse. Extinction processes likely involve erasure of memories,
but there is ample evidence that at least part of the original memory remains. We asked the question whether
memory persists within the cerebellum following extinction training. The renewal effect, that is the reoccurrence
of the extinguished fear memory during recall in a context different from the extinction context, constitutes
one of the phenomena indicating that memory of extinguished learned fear responses is not fully erased during
extinction training. We performed a differential AB-A/B fear conditioning paradigm in a 7-Tesla (7T) MRI system
in 31 young and healthy men. On day 1, fear acquisition training was performed in context A and extinction
training in context B. On day 2, recall was tested in contexts A and B. As expected, participants learned to
predict that the CS+ was followed by an aversive electric shock during fear acquisition training. Skin conductance
responses (SCRs) were significantly higher to the CS+ compared to the CS- at the end of acquisition. Differences
in SCRs vanished in extinction and reoccurred in the acquisition context during recall indicating renewal. Fitting
SCR data, a deep neural network model was trained to predict the correct shock value for a given stimulus and
context. Event-related fMRI analysis with model-derived prediction values as parametric modulations showed
significant effects on activation of the posterolateral cerebellum (lobules VI and Crus I) during recall. Since the
prediction values differ based on stimulus (CS+ and CS-) and context during recall, data provide support that
the cerebellum is involved in context-related recall of learned fear associations. Likewise, mean g values were
highest in lobules VI and Crus I bilaterally related to the CS+ in the acquisition context during early recall. A
similar pattern was seen in the vermis, but only on a trend level. Thus, part of the original memory likely remains
within the cerebellum following extinction training. We found cerebellar activations related to the CS+ and CS-
during fear acquisition training which likely reflect associative and non-associative aspects of the task. Cerebellar
activations, however, were not significantly different for CS+ and CS-. Since the CS- was never followed by an
electric shock, the cerebellum may contribute to associative learning related to the CS, for example as a safety
cue.

1. Introduction

the predictive control of movements (Popa and Ebner, 2019). Neu-
roimaging and patient data provide good evidence that the cere-

The cerebellum plays an important role in motor control and mo- bellum is equally involved in cognitive and emotional processes in
tor learning (Manto et al., 2012) and is thought to be crucial in humans (Diedrichsen et al., 2019; Guell and Schmahmann, 2020;
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Schmahmann, 2019). Likewise, there is increasing evidence that the
cerebellum is involved in processing of predictions and prediction er-
rors in the cognitive and emotional domains (Hull, 2020; Sokolov et al.,
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known anatomical and functional connections with many parts of the
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neural fear network including periaqueductal gray (PAG, Frontera et al.,
2020; Koutsikou et al., 2014), amygdala (Farley et al., 2016), hypothala-
mus (Dietrichs and Haines, 1989; Onat and Cavdar, 2003), hippocampus
(Heath and Harper, 1974; Liu et al., 2012; Newman and Reza, 1979),
and prefrontal cortex (Middleton and Strick, 2001; Watson et al., 2014).
Being able to learn to predict potentially harmful or threatening events
is essential for survival, and can be assessed in the laboratory using fear
conditioning paradigms (Graham and Milad, 2013). Acquisition and ex-
tinction of learned fear responses is thought to be driven by prediction
errors (Holland and Schiffino, 2016; Rescorla and Wagner, 1972), that
is the unexpected occurrence of the unconditioned stimulus in initial
acquisition trials, and its unexpected omission in initial extinction tri-
als, respectively. There is increasing evidence that the cerebellum plays
a role in the processing of aversive predictions and prediction errors
(Apps and Strata, 2015; Ernst et al., 2019), which may be related to
timing (Frontera et al., 2020).

Animal and human studies have shown that the cerebellum con-
tributes to the acquisition and consolidation of conditioned fear
responses (Apps and Strata, 2015; Dubois et al., 2020; Kim and
Jung, 2006): Lesions of the cerebellar vermis impede fear-conditioned
bradycardia in rats and humans (Maschke et al., 2002; Supple and
Leaton, 1990a, 1990b). Lesions of vermal lobule VIII disrupt conditioned
freezing behavior in rats (Han et al., 2021; Koutsikou et al., 2014).
Furthermore, rodent studies revealed that vermal lobules V and VI are
involved in fear memory consolidation (Sacchetti et al., 2002, 2004).
Moreover, neuroimaging studies show that the cerebellar vermis and
parts of the cerebellar hemispheres are involved in the acquisition of
conditioned fear responses in humans (Ernst et al., 2019; Fischer et al.,
2000; Lange et al., 2015; Ploghaus et al., 1999).

Learning to predict potentially harmful events is important for sur-
vival, but it is equally important to extinguish previously learned associ-
ations when no longer needed (Craske et al., 2018). Lack of extinction of
learned fear contributes to the pathophysiology of many types of anxiety
disorders (Maren et al., 2013). As yet, the contribution of the cerebel-
lum to extinction of learned fear responses has not been studied in detail.
Extinction-related activation of cerebellar vermis and hemispheres have
been reported in functional magnetic resonance imaging (fMRI) studies
using somatic and visceral pain as aversive unconditioned stimuli (US)
in humans (Kattoor et al., 2014; Utz et al., 2015). Cerebellar activations,
however, were commonly weak and limited to the beginning of extinc-
tion training (Ernst et al., 2019). Weak or absent cerebellar activations
have also been reported in neuroimaging studies of extinction of con-
ditioned eyeblink responses (Ernst et al., 2017; Molchan et al., 1994;
Thiirling et al., 2015).

Extinction of learned fear responses is thought to involve both era-
sure and new inhibitory learning mechanisms (Barad, 2006; Myers and
Davis, 2007). Learning theorists have proposed that extinction leads to
the erasure of the original association (Rescorla and Wagner, 1972).
The “erasure” hypothesis of extinction is supported by cellular record-
ing studies in the cerebellar cortex showing that plastic changes related
to the acquisition of conditioned responses to aversive US are reversed
during extinction training. This has been shown during extinction train-
ing of conditioned eyeblink responses (Jirenhed et al., 2007) in fer-
rets, and during extinction training of conditioned fear responses in fish
(Yoshida and Kondo, 2012). The inhibitory connection from the cere-
bellar nuclei to the inferior olive plays an important role for this bidi-
rectional learning to occur in the cerebellar cortex (Hesslow and Ivars-
son, 1996; Kim et al., 2020; Medina et al., 2002).

On the other hand, phenomena like spontaneous recovery, savings,
reinstatement and renewal show that at least part of the memory ob-
tained during acquisition training is maintained during extinction train-
ing (Bouton, 2004; Herry et al., 2010; Larrauri and Schmajuk, 2008;
Walther et al., 2021) Pavlov (1927). was the first to suggest that extinc-
tion learning involves a newly learned inhibition of the original associa-
tion. There is good evidence of an extinction network, which suppresses
the expression of conditioned fear responses (Milad and Quirk, 2012).
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The new inhibitory learning is context-dependent and involves the ven-
tromedial prefrontal cortex (vinPFC) and the hippocampus, with the
vmPFC inhibiting amygdala activity during extinction training and ex-
tinction recall (Milad and Quirk, 2012; Phelps et al., 2004). It has been
proposed that the cerebellum is also under this inhibitory control, possi-
bly based on reduced salience of the conditioned stimulus (CS) mediated
via less amygdala output (Farley et al., 2016; Hu et al., 2015; Inoue et al.,
2020; Robleto et al., 2004). However, experimental evidence for extra-
cerebellar inhibition of acquisition related plasticity within the cerebel-
lum is sparse. Increased functional connectivity between vmPFC, dor-
sal anterior cingulate cortex and the cerebellum has been demonstrated
during extinction recall in a cognitive association task (Kinner et al.,
2016).

Thus, there is clear evidence that at least part of the initial associa-
tive fear memory is retained in extinction. One would expect that this
is equally the case in the cerebellum, but, as yet, experimental evidence
has been missing. The aim of the present study was to provide evidence
that part of the original associative memory is preserved in the cerebel-
lum during extinction of learned fear responses. We studied a two-day
AB-A/B fear conditioning paradigm (Bouton and King, 1983) in a group
of young healthy human participants using fMRI in a 7-Tesla (7T) MR
system. Fear acquisition training was performed in context A and extinc-
tion training in context B. On a second day, recall was tested in both the
acquisition context A and the extinction context B. The reoccurrence of
conditioned responses in the acquisition context is called renewal effect
(Bouton, 2004). In case part of the acquisition-related memory in the
cerebellum was at least partly preserved, cerebellar activation was ex-
pected to return during recall in the acquisition, but not the extinction
context.

Indeed, our results are consistent with the hypothesis that part of the
original associative fear memory is preserved in the cerebellum follow-
ing extinction training. In addition, and unexpected at first, we found
a lack of differential cerebellar activation related to the partially rein-
forced conditioned stimulus (CS+) and the non-reinforced conditioned
stimulus (CS-) during fear acquisition training. One possible explana-
tion is that the cerebellum is not only involved in predicting harmful
events, but also in associative processes related to the CS-, e.g., predict-
ing the absence of a harmful event, i.e., safety. Cerebellar involvement
in non-associative processes, however, may also play a role.

2. Methods
2.1. Participants

Only male participants were included in this study because men-
strual cycle and oral contraceptives affect acquisition and extinction of
conditioned fear (Merz et al., 2018). A total of 41 young and healthy
men (mean age 25.93 + 3.6 years) performed the experiment. Seven
participants had to be excluded due to technical errors, e.g. volume ori-
entation mix-ups or loss of adjustment volume settings, two due to high
depression scores based on the DASS-21 questionnaire (Lovibond and
Lovibond, 1995) and one due to constant motion and related artifacts
throughout MRI acquisition. Thus, a total of 31 participants (mean age
26.22 + 3.67 years) were included in final data analyses. Participants
were recruited on university campuses via announcements posted on
notice boards and online.

None of the participants presented with neurological or neuropsy-
chiatric disorders based on medical history. None were taking centrally
acting drugs. All participants were right-handed based on the Edinburgh
handedness inventory (Oldfield, 1971) and instructed to refrain from
alcohol intake at least 24 h prior to the experiment. The study was ap-
proved by the Ethics Committee of the University Hospital Essen and
conforms to the principles laid down in the Declaration of Helsinki. In-
formed consent was obtained from all participants who were compen-
sated with 75 Euros for their participation.
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Fig. 1. Differential AB-A/B fear conditioning paradigm and fMRI event blocks (modified from Milad et al., 2007). Conditioned stimuli (CS) were presented in two
contexts (acquisition context (A) and extinction context (B)): a picture of a desk ("office") or a bookshelf ("library"). CS were represented by a lamp shining either in
blue or yellow color. The unconditioned stimulus (US) was an electric stimulation applied to the left shin. Fear acquisition (acq.) and extinction training (ext.) was

performed on day 1, recall was tested on day 2.

2.2. Fear conditioning paradigm

A differential AB-A/B fear conditioning paradigm was used based on
the paradigm published in Milad et al. (2007) (Fig. 1). CS were pre-
sented in two contexts (A, B): a picture of a desk (“office”) or a book-
shelf (“library”) each containing a lamp (Milad et al., 2007). The two
CS were represented by the same lamp shining either in blue or yellow
color. The US was an electric shock applied to the left shin. The CS+
was followed by the US (paired CS+/US trial) during fear acquisition
training in 62.5% of the cases. The CS- was never followed by the US.
Participants were informed that should they perceive a pattern between
CS and US presentations, the pattern would not change during the ex-
periment.

On day 1, a brief habituation phase (4 CS+ only trials, 4 CS- only
trials) presented in the acquisition context (A) was followed by fear ac-
quisition training (10 paired CS+/US trials, 6 CS+ only trials, 16 CS-) in

the acquisition context (A), and extinction training (16 CS+ only trials,
16 CS- only trials) presented in the extinction context (B). On day 2, re-
call was tested in the acquisition and extinction context (each containing
8 CS+ only trials and 8 CS- only trials).

Presentation of the paradigm was controlled by a computer running
the software Presentation (version 20.0, Neurobehavioral System Inc.,
Berkeley, CA). For synchronization of stimulus presentation with fMRI
acquisition, MRI scan triggers were supplied to the control computer.

Images were projected onto a rear projection screen inside the scan-
ner bore using a standard projector. Images were visible to the par-
ticipants through a mirror mounted on the radiofrequency head coil
(1chTx/32ChRx coil, Nova Medical Inc. Wilmington, USA).

The electric stimulation was generated by a constant current stim-
ulator (DS7A, Digitimer Ltd., London, UK) and applied to the left shin
via a concentric (ring-shaped) bipolar surface electrode with 6 mm con-
ductive diameter and a central platinum pin (WASP electrode, Specialty
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Developments, Bexley, UK). Electrode position was marked with a per-
manent marker on day 1 to use the same electrode position on day 2.
The 100 ms US consisted of a short train of four consecutive 500 s
current pulses (maximum output voltage: 400 V) with an inter pulse
interval of 33 ms. Stimulation intensity was determined immediately
before start of MRI measurements: the stimulation current was gradu-
ally increased, and participants were asked to report on the perceived
sensation intensity until an “unpleasant but not painful” intensity was
reached (8.19 + 4.69 mA, range 3.36 mA - 23.04 mA). To counteract
habituation to the US leading to weakening of the conditioned responses
(Inoue et al., 2020), 20% was added to the individual thresholds (mean
added current 2.05 mA + 1.71 mA). The final individual current setting
was kept the same for all stimulations.

Each trial consisted of a 12 s context and an 8 s CS presentation. CS
started 1-3 s after context onset. Time of CS onset varied for a better
distinction of CS from context. In case of reinforced trials, the US was
presented 7.9 s after CS onset and co-terminated with the CS. Contexts
and CS colors were pseudo-randomly counterbalanced across partici-
pants. A neutral gray background with a black cross (“fixation cross")
was displayed between visual stimulus presentations (intertrial interval,
ITI, randomized between 22.36 and 27.32 s). To avoid dazzle effects the
ITI image was chosen to be of approximately the same luminosity as the
mean luminosity of the context images.

The different trial types in each phase were presented in pseudo-
randomized order with two restrictions: Firstly, the first two trials and
the very last trial of fear acquisition training were always paired CS+/US
trials, no more than two consecutive trials events of the same kind were
shown, and the number of events of each kind was kept identical in
the first and second half of each learning phase. Additionally, during
recall, no more than two consecutive trials were shown in the same
context, and context presentations in the first and second half of recall
were counterbalanced. During fear acquisition and extinction training,
the order of events was the same for all participants. Order of CS+ and
CS- events during habituation was counterbalanced. During recall, the
order of events was the same for all participants except for the first and
the third trials: In one half of the participants, CS+ was presented in
acquisition context (A) in trial 1, followed by CS+ in extinction context
(B) in trial 2, and the CS- in acquisition context (A) in trial 3. In the
other half of the participants, the CS- was presented in the acquisition
context (A) in trial 1, followed by the CS+ in the extinction context (B)
in trial 2, and the CS+ in the acquisition context (A) in trial 3.

Each experimental phase was performed within a separate session of
fMRI data acquisition.

2.3. Physiological data acquisition

Throughout the experiment, skin conductance responses (SCRs),
pulse and breathing rate were acquired using MRI-compatible skin con-
ductance, pulse oximetry and differential air pressure modules, and ap-
propriate hardware filters sampling at 1 kHz (MP160, BIOPAC Systems
Inc., Goleta, CA). Two skin conductance electrodes were attached to the
participant’s left hypothenar, approximately 20 mm apart. The pulse
oximetry sensor was clipped to the participant’s left index finger. A res-
piratory bellows was attached to the participant’s lower abdomen using
a hook-and-loop belt.

2.4. Skin conductance response (SCR) evaluation

SCR data processing was performed using MATLAB software (Re-
lease 2019a, RRID:SCR_001622, The MathWorks Inc., Natick, MA).
To eliminate high-frequency noise and low-frequency drifts SCR data
was bandpass filtered (-0.5 to 10 Hz). Semi-automated peak detection
was performed, and SCRs were defined as the maximum trough-to-
peak-amplitude within a time interval from 1 to 8.5 s after CS onset
(Pineles et al., 2009).
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Raw SCRs were normalized through a logarithmic (LN(1+SCR))
transformation (Boucsein, 2012; Venables and Christie, 1980). Shapiro-
Wilk-test was used to test the normalized data and the distribution of
residuals for normality. Since the normality test revealed a non-normal
distribution of SCRs and the residuals (p < 0 05), data were analyzed
with non-parametric statistical analysis for repeated measures using
rank-based F-tests (ANOVAF option in the PROC MIXED method in SAS,
SAS Studio 3.8, SAS Institute Inc, Cary, NC, USA), which has been recom-
mended for dealing with skewed distributions, outliers or small sample
sizes (Brunner et al., 1997, 2002, 1999; Shah and Madden, 2004).

Non-parametric ANOVA-type statistics for repeated measures were
used separately for each phase with SCRs as dependent variable and
stimulus (CS+, CS-), trial (1 to 16) and context (acquisition context or
extinction context, for recall only) as within-subjects factors as well as
their interactions. Throughout the manuscript, in case of significant re-
sults of non-parametric ANOVA, post-hoc comparisons were performed
using least square means tests and were adjusted for multiple compar-
isons using the Tukey-Kramer method.

2.5. Questionnaires

Participants were required to answer four questionnaires following
each phase of the experiment (Fig. 1). Questions were projected onto
the screen inside the MRI scanner and participants gave answers using
a button box with their right hand.

Participants were asked to rate their (hedonic) valence, (emotional)
arousal, fear and US expectancy on viewing images of the CS+ and CS-
on a nine-step Likert scale from “very unpleasant” to “very pleasant”,
“quiet and relaxed” to “very excited”, “not afraid” to “very afraid” and
“US not expected” to “US surely expected”, respectively. Post fear ac-
quisition training participants were asked to rate US unpleasantness on
a Likert scale from 1 (“not unpleasant”) to 9 (“very unpleasant”), and to
estimate mean probability (%) that a US occurred after the CS presen-
tation (US expectancy).

Ratings were analyzed using non-parametric ANOVA type statistics
for repeated measures with the respective rating as dependent variable
and stimulus and time (prior to, post fear acquisition training, post ex-
tinction training and post recall) as within-subjects factors as well as
their interactions.

2.6. MRI acquisition

All MR images were acquired with the participants lying head first
supine inside a whole-body MRI scanner operating at 7T (MAGNE-
TOM 7T, Siemens Healthcare GmbH, Erlangen, Germany) equipped
with a 1-channel transmit 32-channel receive array head coil (Nova
Medical, Wilmington, MA). To homogenize the radio frequency exci-
tation field (B1), three dielectric pads filled with high-permittivity fluid
were placed below and on either side of each participant’s upper neck
(Teeuwisse et al., 2012). As needed, further cushions were used to fix
the head position within the coil.

Functional MRI acquisition was performed using a T2*-weighted
CAIPIRINHA-accelerated 3-dimensional echo planar imaging (3D-EPI)
sequence (Breuer et al., 2005) with an isotropic resolution of 1.1 mm,
a TR/TE of 39 ms/20 ms, and an effective TR of 2340 ms. Covering the
cerebellum, the field of view was a coronal, slightly angulated slab with
the dimensions 228 x 228 x 88 mm?®. Further imaging parameters were
selected as follows: GRAPPA acceleration, 8 x 1, CAIPI shift kz/ky, 0/4,
phase and slice partial Fourier factor, 6/8, flip angle, 12°, bandwidth,
1092 Hz/Px, acquisition matrix, 208 x 208 x 80. To facilitate normaliza-
tion to MNI space a total of five whole brain 3D-EPI volumes (128 slices,
effective TR 3744 ms) were acquired immediately before the start of the
fMRI acquisition on both days with otherwise identical orientation and
parameter settings as the actual fMRI sequence.
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2.7. Image processing

3D-EPI were reconstructed offline using MATLAB. All image and
fMRI analysis were performed using SPM12 (Wellcome Department of
Cognitive Neurology, London, UK) on a platform running MATLAB on
a 64-bit Linux machine.

For each session the five EPI volumes acquired for the whole brain
were aligned to the first volume and a mean image was calculated. Func-
tional slab volumes covering the cerebellum were aligned to the first
volume of the session and co-registered to the respective mean whole
brain EPI image.

The high isotropic resolution of 1.1 mm and sufficient white/gray
matter contrast allowed for direct segmentation of the mean whole brain
EPI volume using the SPM “segment” function. The deformation field
yielded by the segmentation was applied to normalize the aligned and
coregistered slab volumes into MNI space. No further alignment in be-
tween sessions was applied. For artifact removal the Artifact Removal
Toolbox (ART) for SPM (version 2015-10, RRID SCR_005994) was ap-
plied on functional volumes and movement parameters gained from re-
alignment, generating individual sets of artifact regressors. Finally, func-
tional volumes were smoothed by an isotropic kernel of 3.3 mm.

2.8. fMRI analysis

The first-level analysis was modeled as an event related-design for
the entire experiment. Onsets of presentations of the CS+, CS-, US (in-
cluding the corresponding point in time for unpaired trials, further re-
ferred to as no-US), and the onset and end of context presentation were
modeled as individual events. Event durations were set to 0 s. Onset and
end of context presentation were modeled as regressors of no interest.
Individual events were blocked as shown in Fig. 1. The experimental
phases were split into an early and a late block. In addition, recall was
split in blocks of trials with presentations within the acquisition and ex-
tinction context. Movement parameters from volume realignment and
individual artifact regressors were included as regressors of no interest.
During fear acquisition training, events related to the first CS+ trial and
the first CS- trial were modeled individually as regressors of no interest
since learning could not have started yet.

Our main interest was on context-related cerebellar fMRI signals
during recall. We tested the hypotheses whether cerebellar fMRI sig-
nals were most prominent related to the CS+ in the acquisition con-
text during recall on day 2. First level main effect contrasts against
baseline and appropriate differential first level contrasts were gen-
erated and tested in second level t-tests. Threshold-free cluster en-
hancement (TFCE) was applied using the TFCE toolbox for SPM12
(R174, http://dbm.neuro.uni-jena.de/tfce/). To display results, cerebel-
lar (SUIT space) activation maps were plotted on cerebellar flatmaps
(Diedrichsen and Zotow, 2015) using TFCE and familywise error (FWE)
correction (p<0.05). Activation maps were masked using the SUIT at-
las volume (Cerebellum-SUIT.nii) with the inner-cerebellar white matter
manually filled in, and maps were projected onto the SUIT atlas volume
(Cerebellum-SUIT.nii, Diedrichsen, 2006) to acquire anatomical region
labels.

Additionally, mean p values were extracted for two volumes of in-
terest (VOIs) from first level p maps against rest in each of the par-
ticipants. Vermis was chosen as one of the VOIs, because animal data
provide strong evidence that the vermis is involved in fear condition-
ing (Apps and Strata, 2015). Bilateral lobule VI and Crus I were cho-
sen as second VOI, because the posterolateral cerebellum shows most
consistent activation in human fMRI and PET fear conditioning studies
(Lange et al., 2015). Non-parametric ANOVA type statistics were per-
formed with mean g values as dependent variable and stimulus, block
(early, late) and context as within-subjects factors as well as their inter-
actions.

Finally, a second separate first level analysis was performed on
the preprocessed and smoothed functional data. For each experimen-
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tal phase, all events for each event type (CS, US, no-US, context on-
set, and context termination) were grouped irrespective of CS trial type
(CS+/CS-). Trial-by-trial parameters derived from the individual learn-
ing model were applied as parametric modulations, i.e., the mean pre-
diction parameters for the CS events and the mean absolute prediction
error parameters for US and no-US events (see Figs. S2 and S3). Again,
movement parameters from volume realignment and individual artifact
regressors were included as regressors of no interest. Parametric modu-
lation contrasts were tested in second level t-tests.

2.9. Modeling

To further confirm the contribution of the cerebellum to renewal ef-
fects, predictions of US occurrence were analyzed using a computational
model, which does not separate CS+ and CS- from context information
a priori (Walther et al., 2021). Within the framework of reinforcement
learning (Sutton and Barto, 2018), a deep neural network (DNN) was
trained to predict the likelihood of a shock for a given visual input,
which includes CS and context information. To do so, an artificial agent
consisting of a DNN was subjected to a virtual version of the experiment
and learned to predict the probability of shock occurring when certain
CS were presented. In a second step, the model hyper-parameters were
fit to SCRs recorded in the fMRI experiment. The SCRs served as a read-
out of the participants’ state of learning. For each of the experimen-
tal phases, the resulting model-derived predictions for the likelihood of
shock and the prediction error were then tested in a second-level fMRI
evaluation on the single trial contrasts. In each phase, all CS+ event
contrasts were setup in a within-subjects ANOVA design, and model pre-
diction values for the likelihood of shock and the prediction error were
applied as covariates.

2.9.1. Model and task setup

We simplified the stimuli presented to the agent as RGB line images
to improve the agent’s ability to generalize between stimuli (Fig. 2A).
Context change was signaled by reducing the values in one of the color
channels. If a CS was paired with the US, the reinforcement was coded
as 1, if a CS was not paired with the US, the reinforcement was coded
as 0. Like the participants in the study, different virtual agents were
subjected to one of the different sequences of pseudo-randomized trials.

2.9.2. Model and training algorithm

The artificial agent consisted of a DNN (LeCun et al., 2015) which
was used to represent the mapping between CS and US probability,
and a memory module which stored stimulus-reinforcement pairs of
the experienced trials (Fig. 2B). We call the mapping represented by
the DNN with weights 0, the agent’s value function V (s;0) (Sutton and
Barto, 2018). The DNN consisted of two hidden fully connected layers,
each of which had 64 units, and an output layer with a single unit, which
conveyed the US probability (i.e., the state value). The aforementioned
line images were flattened and served as the inputs.

Ten different agents (model instances) with randomly initialized 6
were trained on each of the five different trial sequences as follows. On
each trial ¢, the agent first made a prediction about the occurrence of
the US v, given the current stimulus s,. A reinforcement signal r, was
then given and a US prediction error 6, = r, — v, computed. The experi-
enced trials were stored in the memory module as experience tuples in
the form e, = (s, r,,6,). Additionally, v, and §, were stored separately
for the hyper-parameter fitting procedure described in the next section.
At the end of each trial, the agent’s value function was adjusted with
experience replay (Lin, 1992) as follows: a replay batch B of b expe-
riences was retrieved from the memory module and backpropagation
(Rumelhart et al., 1986) was used to update the network weights 6 to
minimize the mean squared prediction error on B:

b

L(B;0) = % (e =V (s:0))
k=1
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Fig. 2. Modeling. (A) Line images used as input. (B) The computational model used.

where r, and s, are the reinforcement signal and the stimulus of re-
played experience k, respectively. Experiences were sampled randomly
with a probability that was proportional to priority scores

p = |6|A"where 7 is the time passed since the experience and 4 is a
decay factor. So, the priority score depended on the experience’s recency
and the US prediction error (Schaul et al., 2015). To control the degree of
learning from the batch B, we either increased or decreased the number
of training repeats (i.e., backpropagation updates) i.

2.9.3. Model and hyper-parameter fitting

The model described above can produce a variety of learning dynam-
ics depending on the choice of the hyper-parameters: replay batch size b,
decay factor A and training repeats i. For instance, a decay factor close to
1 will cause the agent to retain previously learned associations for long
durations, which results in slow extinction. Most hyper-parameter com-
binations result in learning curves that do not resemble participants’
learning curves. We therefore fit the model hyper-parameters to the
SCRs, which served as a proxy for individual learning rates within par-
ticipants. Two participants were excluded from the fit due to lacking
SCRs.

Between the different trial sequences, the stimuli presented at a given
trial were not necessarily the same. Hence, we averaged SCRs from CS+
and CS- trials separately for each trial sequence. We defined the av-
eraged SCRs accordingly as ¥ = (§,y..... 5, 5. J_1..... J_n), Where j, ,
and y_, are the averaged SCRs for the n" GS+ and n™ CS- presenta-
tions across all participants who completed a given trial sequence, re-
spectively. Analogously, the averaged US predictions of the model were
defined as V (b, 4,i) = (D415 > Oyn»D_1, ..., 0_p), Wwhere o, , and o_, are
the averaged US predictions for the n CS+ and n™ CS- presentations
across all model instances, respectively. The quality of the fit of the
model was defined as

L
F(b, A,i) == ) w; Ey(b, 4,1)

=1
where E,(b, 4,i) is the error between ¥, and V,(b, 4, ) for trial sequence
1

El(ba A,i) = ”)71 - 171([7, LZ)” + PAcq + PGen + PExt + PRen + PRet

weighted by the number of participants w;. Since the error term weights
every trial equally, but large changes in behavior occur in a very small
number of trials, parameter optimization based only on this error term
would miss the rare, but large changes at the transition between experi-
mental phases. To ensure that the overall learning curve in the model re-
sembled that of the participants, we added the following penalty terms,
if the model failed to

e acquire the conditioned response by the end of fear acquisition train-
ing

p 0 Oacgna 205
A4\ 10, Bpcg png <057

Table 1
Modeling. Parameter values the grid search was run for.

Grid Search Parameters

b (batch size)
4 (decay factor)
i (training repeats)

(Llerena et al., 2002 64, 96, 128)
{0.05, 0.4, 0.5, 0.6, 0.7, 0.8, 0.825, 0.85, 0.895, 1}
{1,2,3,4,5,6,7,8,9,10, 11, 12}

where 74, £, is the average US prediction over the last 4 CS+ pre-
sentations of fear acquisition training,
¢ generalize conditioned responses to extinction training

P - O’ EExl,Smrt > 0.2
Gen 10’ l_)Ext,Smrt <0.2

where 0g,, ¢, is the average US prediction over the first 4 CS+
presentations of extinction training,
o exhibit renewal of the conditioned response

PR — {0’ l_)Rec,Start > 0.2 A L_}Ext,End < 0.05
e 10’ ﬁRec,S!art<0'2 \ 5Exr,End>0'05

where g, 5,4 i the average US prediction over the first two CS+
presentations of recall,

extinguish the conditioned response following renewal

p. = f O Orecina $005
Ret ™ 110, Dpee.pug > 0.05

where g, f,4 is the average US prediction over the last 4 CS+ pre-
sentations of recall.

A grid search over the hyper-parameter sets shown in Table 1 was
performed and the fit for each hyper-parameter combination was com-
puted. The model with the best fit was then chosen to generate predic-
tions that were then used as parametric modulations in the fMRI data
analysis (Fig. 3B, C, see also Figs. §2, S3).

3. Results
3.1. Behavioral data

3.1.1. Skin conductance responses (SCRs)

To allow direct comparison with modeling data, SCRs were first an-
alyzed on a trial-by-trial basis.

Habituation (day 1): SCRs related to the CS+ and CS- did not signif-
icantly differ (Fig. 3A). SCRs to both stimuli in the first trial were sig-
nificantly higher than in trials 2-4 (least square means test, p < 0.005).
Non-parametric ANOVA-type statistics revealed a significant main ef-
fect of Trial. No significant main effect of Stimulus or Stimulus x Trial
interaction were found (Table 2).

Fear acquisition training (day 1): SCRs related to the CS+ were signifi-
cantly higher than to the CS- (Fig. 3A, see also Fig. S1). Non-parametric
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Fig. 3. Fear conditioning and model US prediction and predic-
tion error data. (A) Mean SCRs and individual data on day 1 (ha-
bituation, fear acquisition (acq.) and extinction (ext.) training)
and day 2 (recall) across trials. Horizontal lines represent group
mean values. Vertical lines indicate 95% confidence intervals.
Black dots represent individual data points. (B) Mean US pre-
dictions and (C) US prediction errors (colored lines) and data of
separate model instances (black dots) for habituation, fear ac-
quisition and extinction training and recall across trials. Dark
colors = CS+, light colors = CS. Trials in acquisition context are
shown in red, trials in extinction context are shown in blue. Note
that trial number refers to the number of trials per event type
in each phase (for example, 16 CS+ in acq. context for fear ac-
quisition training, 16 CS+ in ext. context for extinction training).
Order of the four trial types was pseudorandomized as outlined
in the methods (see also Figs S1-S3).

2 4 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
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ANOVA-type statistics revealed a significant main effect of Trial and
Stimulus. No significant Stimulus x Trial interaction occurred (Table 2).
Extinction training (day 1): SCRs related to the CS+ and CS- did not
differ significantly (Fig. 3A). Non-parametric ANOVA-type statistics re-
vealed a significant main effect of Trial. No significant main effect of
Stimulus or Stimulus x Trial interaction were found (Table 2).

Recall (day 2): SCRs related to the CS+ were significantly higher
compared to the CS- and higher in the acquisition context compared to
the extinction context (Fig. 3A). Additionally, SCRs to the CS+ in the
acquisition context were significantly higher than SCRs to the CS+ in
the extinction context (least square means test, p = 0.042) as well as
to the CS- in both the acquisition and extinction context (least square
means test, p < 0.001). Non-parametric ANOVA-type statistics revealed
a significant main effect of Trial, Stimulus, Context, Stimulus x Trial,
Stimulus x Context and Trial x Context interactions. No significant Stim-
ulus x Trial x Context interaction emerged (Table 2).

Next, for further illustration of acquisition, extinction, and renewal
effects and to allow direct comparison with the main fMRI analysis, SCR

data were plotted and re-analyzed comparing the first (early) and sec-
ond (late) half of each phase (Fig. S4). Again, there was no significant
differences of SRCs comparing stimuli (CS+ vs. CS-) in the habituation
phase, but SCRs were significantly higher related to the CS+ compared
to the CS- during fear acquisition training showing that participants had
learned that CS+ presentation was followed by electric shock. As in-
dicated in the methods, participants were instructed that should they
perceive a pattern between CS and US presentations, the experimenter
would not change it during the experiment. As in previous studies, semi-
instructed fear conditioning likely prevented a significant Stimulus x
Trial interaction (see e.g., Ernst et al. 2019). Whereas SCRs to the CS+
were significantly higher compared to the CS- during fear acquisition
training, no difference was seen during extinction training, indicating
that extinction of the learned fear association had occurred. In early re-
call, SCRs were significantly higher in CS+ compared to CS- trials, and in
the acquisition compared to the extinction context, indicating context-
dependent renewal effects. Statistical findings are summarized in Table
S1.
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3.1.2. Questionnaires

Valence, arousal, and fear ratings. Prior to fear acquisition training,
valence, arousal, and fear ratings of the CS+ and CS- were not signifi-
cantly different from each other (Table 3). Post fear acquisition training,
the CS+ was rated as less pleasant, higher arousing and more fearful
compared to the CS-. These differences remained until the end of re-
call. Non-parametric ANOVA-type statistic revealed a significant main
effect of Time, Stimulus, and a Stimulus x Time interaction (Table 3).
Post-hoc tests showed significant differences between stimuli post fear
acquisition training, extinction training and recall (least square means
tests, Valence: all p values < 0.001; Arousal: all p values < 0.003; Fear:
all p values < 0.0052), but not prior to fear acquisition training (least
square means test, all p > 0.989).

US unpleasantness, CS-US contingency, and US expectancy. Median US
unpleasantness was rated 7 (IQR 5.25-8) post fear acquisition training.
Post fear acquisition training, participants reported that they recognized
a pattern between CS+ and US after 3.03 + 2.96 min or 2.74 + 2.05 elec-
tric shocks. Across all participants, mean probability that a US occurred
after CS+ presentation was estimated as 67.7 + 16.87%, and after CS-
presentation as 1.29 + 4.28% (0% probability by 28 out of 31 (90%)
participants). Prior to fear acquisition training, reported US expecta-
tion after CS+ and CS- were not significantly different from each other
(Table 3). Post fear acquisition training, participants reported a higher
US expectation after CS+ compared to the CS- and this difference re-
mained until the end of recall. Non-parametric ANOVA-type statistics re-
vealed a significant main effect of Time, Stimulus, and a Stimulus x Time
interaction (Table 3). Post-hoc tests showed significant differences be-
tween stimuli post fear acquisition training, extinction training and re-
call (least square means tests, all p values < 0.002), but not prior to fear
acquisition training (least square means test, p = 1.0).

3.2. fMRI data

In none of the experimental phases cerebellar fMRI activations were
significantly different comparing CS+ and CS-, with the only exception
of early recall in the acquisition context. Lack of differences was ex-
pected during habituation, during late extinction training and late re-
call. Lack of differences comparing CS+ and CS- were unexpected during
fear acquisition training. Because no significant differential activations
emerged during fear acquisition training, the decision was made to re-
port data of CS+ and CS- activations against baseline in all experimental
phases. Possible reasons for the lack of differential cerebellar activations

p
V0,05 0.01

0.001

US post CS+ > no-US post CS-

Fig. 4. Cerebellar activation related to the presentation of the aversive US [con-
trast ‘US post CS+ > no US post CS-’ during fear acquisition training]. Cerebellar
activations in SUIT space projected on a cerebellar flatmap (Diedrichsen and Zo-
tow, 2015). All contrasts collapsed over early and late fear acquisition blocks
and calculated using TFCE and FWE correction (p < 0.05). CS = conditioned
stimulus; L = left; R = right; SUIT = spatially unbiased atlas template of the
cerebellum; TFCE = threshold-free cluster-enhancement; FWE = family-wise er-
ror rate; US = unconditioned stimulus.

during fear acquisition training will be addressed in the discussion sec-
tion.

3.3. Cerebellar activation related to presentation of the aversive stimulus
(Us)

Cerebellar activation related to presentation of the aversive stimulus
[contrast "US post CS+ > no-US post CS-’] was observed within the cere-
bellar vermis and both cerebellar hemispheres (Fig. 4; see also Table 4).
Most prominent activations were found in the anterior and posterior
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Skin conductance responses. Results of the non-parametric ANOVA-type statistics for repeated measures for habituation, fear acquisition

training, extinction training and recall.

Factor Df" F p
Skin conductance responses
Habituation
Stimulus 1 2.92 0.098
Trial 2.45 9.93 <0.001***
Stimulus X Trial 2.23 0.23 0.821
Fear acquisition training
Stimulus 1 18.26 <0.001"**
Trial 8.35 10.88 <0.001***
Stimulus X Trial 9.01 1.25 0.260
Extinction training
Stimulus 1 1.05 0.305
Trial 8.2 4.16 <0.001***
Stimulus X Trial 9.22 1.10 0.362
Recall
Stimulus 1 24.48 <0.001***
Trial 4 12.37 <0.001***
Context 1 4.20 0.041"
Stimulus X Trial 4.67 7.36 <0.001***
Stimulus x Context 1 3.88 0.049*
Trial x Context 5.42 2.26 0.041
Stimulus X Trial x Context 5.61 0.60 0.722
Valence
Stimulus 1 78.95 <0.001**
Time 3.25 6.88 <0.001**
Stimulus X Time 3.18 16.46 <0.001***
Arousal
Stimulus 1 89.58 <0.001**
Time 3.5 11.03 <0.001**
Stimulus X Time 3.51 8.46 <0.001***
Stimulus 1 72.66 <0.001**
Time 2.95 8.44 <0.001**
Stimulus X Time 3.52 12.74 <0.001***
US expectancy
Stimulus 1 155.46 <0.001*
Time 2.45 11.65 <0.001***
Stimulus X Time 3.39 21.03 <0.001***

* Significant results at p < 0.05.
*** Significant results at p < 0.001.

T Since, in general, ranked observations are heteroscedastic (Akritas, 1990), assumption of an arbitrary covariance matrix
(Brunner et al., 2002) is suggested and therefore, degrees of freedom are appropriately adjusted (Noguchi et al., 2012).

vermis (local maxima in vermal lobules I-IV, V, VIII) and the left hemi-
sphere (ipsilateral to the presentation of the US; local maxima in lobules
V, VD).

3.4. Cerebellar activation related to CS+ and CS- presentation during fear
acquisition training

During early fear acquisition training, cerebellar activation related
to CS+ presentation (contrast ‘CS+ > rest’) was observed within the left
cerebellar hemisphere (Table 4), with local maxima in lobules VI and
Crus I. No voxels were significantly activated related to CS- presentation
or when comparing stimulus type events (contrast ‘CS+ > CS-’ and ‘CS-
> CS+").

During late fear acquisition training, CS+ and CS- related cerebellar
activations (contrast ‘CS+ > rest’ and ‘CS- > rest’) were found in the ver-
mis (local maximum in lobule VI) and both hemispheres (local maxima
in lobules VI and Crus I) (Fig. 5; see also Table 4). No voxels were sig-

nificantly activated for the comparison of stimulus type events (contrast
‘CS+ > CS-’ and ‘CS- > CS+).

Second level t-tests did not reveal activations at the time the US
was expected and did not occur (using an uncorrected threshold of
p < 0.001). This lack of significant cerebellar activations is at vari-
ance with previous findings of our group (Ernst et al., 2019). This is
likely explained by differences in the complexity of the fear condition-
ing paradigm, which will be addressed in detail in the discussion.

3.5. Cerebellar activation related to the CS+ and CS- presentation during
extinction training

During early extinction training, CS+ and CS- related cerebellar acti-
vation (contrast ‘CS+ > rest’ and ‘CS- > rest’) was observed within both
cerebellar hemispheres (Fig. 6; see also Table 5), with local maxima
in lobules VI and Crus I. No voxels were significantly activated for the
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Fear conditioning questionnaires. Median (interquartile range) valence, arousal, fear and US expectancy ratings prior to fear acquisition training, post fear acquisition

training, post extinction training and post recall.

Time of assessment

Stimulus Prior acquisition Post acquisition Post extinction Post recall
Valence ratings (1 — uncomfortable, 9 — comfortable)

CS+ 6 (7-5) 3 (4-2)* 5 (6-4)' 5 (6-4)
CS- 6 (7-5) 8 (9-7)"" 7 (8-6)" 8 (9-7)""
Arousal ratings (1 — very calm, 9 — very nervous)

CS+ 4(6-2) 7 (8-6)"" 4 (6-2)' 4 (6-2)'
CS- 3(4-2) 2 (3-1)° 2(3-1)' 1(2-1)*
Fear ratings (1 — not afraid, 9 — very afraid)

CS+ 1(2-1) 6 (7-4)"' 3 (5-2)"' 3 (5-2)""

CS- 1(2-1) 1(3-1)f 1(2-1) 1(2-1)f
US expectancy ratings (1 — US not expected, 9 — US surely expected)

CS+ 1(5-1) 7 (8-7)"" 5(6-2)"" 5(6-3)"

CS- 1(4-1) 2 (3-1) 2(3-1) 1 (2-1)

Statistically significant differences are shown in bold (least square means tests, p < 0.05):.

* significant differences between prior to and post fear acquisition training.
T significant differences between CS+ and CS-.

Prwe

0.05 0.01

-1V 0.001

Crus Il

Vilb

Late CS+

Prwe

0.05 0.01 0.001

-1V

Crus Il

Vilb

Late CS-

Fig. 5. Cerebellar activation related to the CS+ and CS- during late fear acquisition training. Cerebellar activations during the presentation of (A) CS+ in the late
fear acquisition block and (B) CS- in the late fear acquisition block in SUIT space projected on a cerebellar flatmap (Diedrichsen and Zotow, 2015). All contrasts
are calculated using TFCE and FWE correction (p < 0.05). Insert shows mean skin conductance responses (SCRs) during late fear acquisition training. Error bars
indicate standard errors (SE). CS = conditioned stimulus; L = left; R = right; SUIT = spatially unbiased atlas template of the cerebellum; TFCE = threshold-free

cluster-enhancement; FWE = family-wise error rate.

comparison of stimulus type events (contrast ‘CS+ > CS-’ and ‘CS- >
CS+).

During late extinction training, CS+ presentation related cerebellar
activation (contrast ‘CS+ > rest’) was also observed in both cerebellar
hemispheres (Fig. 6; see also Table 5), with local maxima in lobules
VI and Crus I. During CS- presentation (contrast ‘CS+ > rest’), a small
cluster of voxels was active in left Crus I. No voxels were significantly
activated for the comparison of stimulus type events (contrast ‘CS+ >
CS-’ and ‘CS- > CS+).

3.6. Cerebellar activation related to the CS+ and CS- presentation during
recall

Acquisition context. During early recall, CS+ related cerebellar acti-
vation in the acquisition context (contrast ‘CS+ > rest’) was observed
within the cerebellar vermis (local maximum in lobule VI) and both

10

cerebellar hemispheres (local maxima in lobules VI and Crus I; Fig. 7;
see also Table 6). During CS- presentation in the acquisition context
(contrast ‘CS- > rest’), a small cluster of voxels was active in left lob-
ule VI and Crus I. The comparison of stimulus types (contrast ‘CS+ >
CS-’) revealed three small clusters in right lobules I-IV and VI during
early recall (Table 6). The contrast ‘CS- > CS+’ revealed no significant
differences.

During late recall, CS+ related cerebellar activation in the acquisition
context (contrast ‘CS+ > rest’) was observed within the left cerebellar
hemisphere (Table 6), with local maxima in lobules VI and Crus I. No
voxels were significantly activated during CS- (contrast ‘CS- > rest’) pre-
sentation or comparing stimulus types (contrast ‘CS+ > CS-’ and ‘CS- >
CS+’) in the acquisition context.

Extinction context. During early recall, CS+ related cerebellar activa-
tion in the extinction context (contrast ‘CS+ > rest’) was less compared
to the acquisition context. Some remaining cerebellar activations were
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Fear acquisition training. Activation clusters are reported which were significant after application of threshold-free cluster-enhancement (TFCE) at p < 0.05 FWE
corrected level (t-tests). Displayed are all clusters of > 20 mm?. In each cluster, up to three maxima are listed separated by > 8 mm. ncl. = nucleus.

Location

Index (lobule) Side SUIT coordinates/mm

Cluster size/mm®  pgyg TFCE

US post CS+ > no US post CS-

1 Extended cluster  left VI (8023), right VI (4999), right V (4235), left V (4230), left I-IV (3387), right I-IV (3282), left Crus I (2688), left VIIIb (1505), vermal
VI (1454),
left VIIIa (1204), gray matter (1133), vermal VIIIa (889), right Crus I (685), left VIIb (609), right VIIIb (549), right IX (371), vermal VIIIb
(324),
left IX (247), right VIIb (244), vermal VIIb (243), right Crus II (231),
left Crus II (218), right VIIIa (203), vermal IX (194), vermal Crus II (190), left dentate ncl. (138), right interposed ncl. (68), right dentate
ncl. (64), left interposed ncl. (64), vermal X (7), left fastigial ncl. (7),
right fastigial ncl. (2), vermal Crus I (1)
I-Iv left -13 —41 -22 41,688 <0.001 6189.3
-V left -2 -52 -23 <0.001 6062.1
v left -22 -59 -19 <0.001 5935.4
2 gray matter 15 =37 -43 76 0.012 2055.8
4 Crus I left —46 -43 -31 16 0.033 1625.8
CS+: early fear acquisition training
1 VI left -34 -51 -31 68 0.026 877.5
CS-: early fear acquisition training
no significant voxels
CS+: late fear acquisition training
1 Extended cluster  left VI (3322), left Crus I (2710), right VI (1756), vermal VI (804),
right Crus I (716), gray matter (469), right V (259), left V (111),
right I-IV (32), left dentate ncl. (27), vermal Crus II (14), left I-IV (12),
left Crus II (10), vermal Crus I (3)
VI left -7 =77 -18 10,245 <0.001 3297.7
VI left -28 =72 -20 <0.001 3157.5
Crus I left —40 -57 -29 <0.001 2991.9
2 Extended cluster ~ gray matter (265), left I-IV (19)
gray matter -12 -35 -31 284 0.016 991.9
gray matter -8 —44 -29 0.019 956.7
3 Extended cluster  left Crus II (226), left VIIb (62), gray matter (58), left dentate ncl. (19)
Crus II left -5 -78 -36 365 0.02 947
VIIb left -12 -72 -41 0.038 844.7
4 Extended cluster  left VIIb (161), left VIIIa (64), gray matter (1)
VIIb left -28 —66 -51 226 0.026 917.9
VIlla left -18 -67 —46 0.035 856.4
5 Extended cluster right VIIb (63), right Crus II (36)
Crus II right 6 -76 —42 99 0.038 840.8
VIIb right 9 -69 -38 0.048 797.1
6 Crus I right 42 -55 -35 55 0.041 831.2
7 VIIIb left -13 —61 -50 42 0.041 827.8
CS-: late fear acquisition training
1 Extended cluster  left VI (1781), left Crus I (1722), right VI (1021), right Crus I (522),
vermal VI (353), gray matter (272), left V (17), left Crus II (15),
vermal Crus II (2), right Crus II (2)
VI left -10 -82 -20 5707 <0.001 2048.8
VI left -18 -79 -20 <0.001 1818.8
VI left —-29 -71 -20 <0.001 1717.2
2 Extended cluster ~ gray matter (169), left VI (2)
gray matter -17 —48 -30 171 0.024 925.4
gray matter -10 —51 -24 0.042 812.5
3 gray matter -9 -71 -33 39 0.042 809
CS+ > CS-

no significant voxels
CS+ > CS-: early fear acquisition training

no significant voxels
CS+ > CS-: late fear acquisition training

no significant voxels

observed within the cerebellar vermis (local maximum in lobule VI) and
both cerebellar hemispheres (local maxima in lobules VI and Crus I in
both hemispheres; lobules I-IV and V in the right hemisphere; Fig. 7; see
also Table 6). During CS- presentation in the extinction context (contrast
‘CS- > rest’), cerebellar activation was observed within the cerebellar
vermis (local maximum in lobule VI) and both cerebellar hemispheres
(local maximum in lobules V-VI and Crus I; Fig. 7; see also Table 6).
During late recall, CS+ related cerebellar activation in the extinction
context (contrast ‘CS+ > rest’) was observed only within a small cluster
of voxels in the left cerebellar hemisphere (Table 6), with local maxima
in lobules VI and Crus I. No voxels were significantly activated during

11

CS- (contrast ‘CS- > rest’) presentation or when comparing stimulus type
events in the extinction context (contrast ‘CS+ > CS-’ and ‘CS- > CS+7).

Comparison of acquisition and extinction context. Close inspection of
Fig. 8 showed that cerebellar activation related to presentation of the
CS+ was higher in the acquisition context compared to the extinction
context during early recall. This was true for areas in the vermis and pos-
terolateral cerebellum. Voxel-wise statistical analysis revealed no voxels
with a significant difference comparing CS+ and CS- related activations
in the two contexts (contrasts ‘CS+ in the acquisition context > CS+ in
the extinction context’ vs. ‘CS- in the acquisition context > CS- in the
extinction context’).
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Fig. 6. Cerebellar activation related to the CS+ and CS- during extinction training. Cerebellar activations during the presentation of (A) CS+ in the early extinction
block, (B) CS- in the early extinction block, (C) CS+ in the late extinction block and (D) CS- in the late extinction block in SUIT space projected on a cerebellar
flatmap (Diedrichsen and Zotow, 2015). All contrasts are calculated using TFCE and FWE correction (p < 0.05). Insert shows mean skin conductance responses
(SCRs) during early and late extinction training. Error bars indicate standard errors (SE); R = right; SUIT = spatially unbiased atlas template of the cerebellum;

TFCE = threshold-free cluster-enhancement; FWE = family-wise error rate.

VOI analysis of g values in the vermis and lobule VI/Crus I bilat-
erally, however, provided some evidence of context-dependent activa-
tions during recall (Fig. 8). During recall, non-parametric ANOVA type
statistics on mean f values in lobules VI and Crus I revealed a significant
Block x Context interaction (F; = 4.27, p = 0.048). No other significant
main effects or interactions were observed (all p values > 0.14). Post hoc
exploratory analysis of the Block x Context differences revealed signif-
icantly higher mean g values in the acquisition context in early vs. late
recall blocks (p = 0.03 uncorrected, p = 0.12 adjusted for multiple com-
parisons). During recall, non-parametric ANOVA type statistics on mean
p values in vermis did not reveal any significant main effect or interac-
tion (all p values > 0.14). The Stimulus type x Block x Context effect,
however, was close to significance (F; = 0.39, p = 0.055).

There was no significant effect of stimulus type (CS+ or CS-) dur-
ing habituation (vermis: F; = 0.78, p = 0.38; VI and Crus I: F; = 0.27,
p = 0.61). During fear acquisition training, mean g values in late trials
were significantly higher compared to early trials (vermis: F; = 3.39,
p =0.075; VI and Crus I: F; = 7.14, p = 0.012). The CS (CS+ vs. CS-) ef-
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fect (vermis: F; = 2.76, p = 0.10; VI and Crus I: F; = 0.01, p = 0.92) and
Stimulus type X Block interaction (vermis: F; = 0.12, p = 0.73; VI and
Crus I: F; = 0.67, p = 0.42) effects were not significant. During extinction
training, non-parametric ANOVA type statistics on mean g values in the
vermis did not reveal any significant effect of Stimulus type (F; = 1.96,
p = 0.17), Block (F; = 0.01, p = 0.93) or Stimulus type x Block inter-
action (F; = 1.00, p = 0.32). In lobules VI and Crus I, mean f values in
CS+ trials were significantly higher compared to CS- trials (F; = 4.47,
p = 0.043). The Block (early vs late; F; = 1.4, p = 0.25) and Stimulus
type x Block interaction (vermis: F; = 0.16, p = 0.69) effects were not
significant.

3.7. Parametric modulation with model predictions for shock probability
and prediction errors

We computed effects of parametric modulation of the learning
model-derived predictions on the fMRI signal of CS and no-US events. As
described above, CS events refer to the time of CS onset, and paramet-
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Extinction training. Activation clusters are reported which were significant after application of threshold-free cluster-enhancement (TFCE) at p < 0.05 FWE corrected
level (t-tests). Displayed are all clusters of > 20 mm?. In each cluster, up to three maxima are listed separated by > 8 mm. ncl. = nucleus.

Location
Index (lobule) Side SUIT coordinates/mm Cluster size/mm®  ppy TFCE
CS+: early extinction training
1 Extended cluster  left VI (893), left Crus I (386), vermal VI (83), left V (8)
Crus I left -36 =77 -23 1370 <0.001 2546.6
VI left -28 =72 -20 <0.001 2520.4
VI left -9 =77 -16 <0.001 2367.7
2 Extended cluster  right VI (568), right Crus I (310), right V (31), right I-IV (15), vermal VI (13), gray matter (2)
VI right 31 —-63 -19 939 <0.001 1672.1
Crus I right 14 -83 -20 0.001 1554.8
VI right 36 -69 -21 0.001 1469.2
3 Extended cluster  right V (70), right VI (29)
VI right 24 -53 -16 99 0.001 1183.9
\Y right 21 —44 -16 0.003 1014.7
4 Extended cluster ~ vermal IX (363), left dentate ncl. (176), gray matter (151), left IX (146), vermal VIIIb (121), right IX (111), left interposed ncl. (78),

dentate ncl.
VIIIb
X

5 Extended cluster
VIIb
VIIb
VIIIa

6 Extended cluster
\Y
VI

CS-: early extinction training

1 Extended cluster
VI
Crus I
VI

2 Extended cluster
Crus I
VI
VI

3 Extended cluster
VI
Crus I

4 VI

CS+: late extinction training

1 Extended cluster
VI
Crus I
Crus I

2 Extended cluster
Crus I
Crus I
Crus I

3 Extended cluster
Crus I
VI
Crus I

4 Extended cluster
VI
VI

CS-: late extinction training

right interposed ncl. (47), vermal VIIIa (21), right dentate ncl. (19),
right VIIIa (4), vermal X (1)

left -7 -63 -32
vermal 0 -60 -37
right 8 -55 -33
left VIIb (318), left VIIIa (34), gray matter (7)

left —-28 —-63 —47
left -35 -63 -54
left -27 —66 -57
left VI (59), left V (27)

left -22 -52 -16
left -21 -62 -15

left VI (177), left Crus I (137)

left -29 -71 -20
left -41 -65 -23
left —-20 -73 -18
right Crus I (178), right VI (153), gray matter (2)

right 42 —68 -22
right 31 -63 -19
right 27 -74 -19
left VI (82), left Crus I (23), vermal VI (17)

left -6 -78 -17
left -17 -83 -22
right 11 -75 -15

left Crus I (400), left VI (257), left V (23)

left -28 =72 -20
left -36 -79 —24
left —42 -72 -24
right Crus I (241), right VI (156), gray matter (1)

right 30 =77 -21
right 18 -84 -21
right 40 -73 22
right VI (107), right Crus I (97)

right 42 -61 -23
right 39 —47 -25
right 50 -60 -25
left VI (89), left Crus I (26)

left -39 —51 -25
left -30 -53 -21

no clusters of > 20 mm?

CS+ > CS-

no significant voxels

CS+ > CS-: early extinction training

no significant voxels

CS+ > CS-: late extinction training

no significant voxels

1238

359

86

314

333

122

52

680

398

204

115

0.001
0.003
0.005

0.004
0.014
0.017

0.008
0.013

<0.001
<0.001
0.007

0.001
0.001
0.001

0.001
0.003
0.002

<0.001
0.001
0.001

0.001
0.001
0.002

0.006
0.019
0.03

0.014
0.02

1083.6
1022.4
965.1

988.5
832
809.9

905.4
837.7

1791.7
1553.8
951.4

1366.5
1341.9
1222.3

1250.2
1090.2
1152.2

1884.9
1696.6
1629.5

1557.7
1485.8
1451.9

1218.5
995
901.5

1047.8
986.8

ric modulation was based on trial-by-trial model-derived predictions of
US/shock probability. No-US events refer to the time the US is expected
in reinforced CS+ trials but does not occur in unreinforced CS+ and CS-
trials. Therefore, in no-US events, parametric modulation was based on
trial-by-trial model-derived prediction errors.

In fear extinction training, parametric modulation effects for CS and
prediction values showed small significant clusters in cerebellar lobules
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Crus I and VI (at an uncorrected threshold of p < 0.001; see Fig. 9A, C,
and Table 7). No significant clusters were observed in the acquisition
phase considering clusters of > 20 mm?. In both the acquisition and ex-
tinction phase, more prominent effects were observed for the parametric
modulations of model-derived prediction error values for the omission
of US events at CS termination (no-US) (at an uncorrected threshold
of p < 0.001; Fig. 9B, D, and Table 7). Note that parametric modula-
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Recall. Activation clusters are reported which were significant after application of threshold-free cluster-enhancement (TFCE) at p < 0.05 FWE corrected level (¢-tests).
Displayed are all clusters of > 20 mm?3. In each cluster, up to three maxima are listed separated by > 8 mm.

Index

Location
(lobule)

Side SUIT coordinates/mm

Cluster size/mm?3

Prwe

TFCE

Acquisition context
CS+: early recall
1

5
4
CS-: early recall
1

CS+: late recall
CS-: late recall
CS+ > CS-

1

2
3

Extended cluster

Crus I

VI

Crus I

Extended cluster
Crus I

VI

Crus I

Extended cluster
\%

VI

Crus I

Crus I

Extended cluster
VI
VI

left VI (2090), right VI (1755), left Crus I (1477), right Crus I (807), vermal VI (790), right V (201), left V (110), gray matter (32), right I-IV

no clusters of > 20 mm?

no significant voxels

no significant voxels
CS+ > CS-: early recall

-1V
-1V
VI

CS+ > CS-: late recall
no significant voxels

Extinction context
CS+: early recall
1

CS-: early recall
1

4
5

CS+: late recall
1

CS-: late recall

CS+ > CS-

Extended cluster

VI

VI

Crus I

Extended cluster

Crus I
VI
VI
VI
VI

Extended cluster
VI

VI

Crus I

Extended cluster

VI

VI

A%

Extended cluster
VI

VI

Crus I

\Y

Crus I

Crus I

(€3]

left -27 -79 -22 7293
left -35 —68 -22

left —46 -68 -25

left Crus I (444), left VI (265), gray matter (25), left Crus II (6)

left -39 -50 -32 740
left -34 —42 -38

left —43 —41 —40

right VI (58), right V (22)

right 30 —42 -24 80
right 38 -43 -27

right 44 -47 —-40 79
left -31 -73 -33 36
left VI (48)

left -36 —66 -22 48
left -33 -53 -22

right 3 -57 -4 48
right 5 -51 -7 37
right 29 —65 -21 25

right VI (605), right Crus I (313), right V (137), right I-IV (48),

vermal VI (11), gray matter (1)

right 37 -62
right 33 -45
right 18 -82

-21 1115
_24
-20

left VI (671), left Crus I (643), vermal VI (156), left Crus II (67),

gray matter (9)

left -27 -79
left -18 -79
left -33 -69
right 15 -73
right 8 -78

left VI (904), left Crus I (700), left V (276)

left =27 -70
left -26 -54
left -34 -73

-22 1546
-20

-21

-15 39
-17

-19 1880
-19
-22

right VI (1332), right V (460), right Crus I (226), vermal VI (107),

gray matter (12), right I-IV (10)

right 29 =71
right 12 =75
right 25 —-45
left VI (543), vermal VI (277), left Crus I (150)
vermal -4 -70
left -9 -78
left -16 -83
left -17 —41
left -51 -58
left -33 -79

no significant voxels

no significant voxels
CS+ > CS-: early recall
no significant voxels
CS+ > CS-: late recall
no significant voxels

-19 2147
-16

-19

-15 970
-18

-22

-20 23
-29 56
-23 21

<0.001
<0.001
<0.001

0.005
0.019
0.033

0.033
0.035
0.037
0.043

0.028
0.036

0.032
0.033
0.036

0.001
0.002
0.002

0.001
0.001
0.001
0.02

0.027

<0.001
<0.001
<0.001

<0.001
<0.001
0.001

0.001
0.001
0.001
0.04

0.044

0.015

2221.2
2212.1
2201.7

1169.2
956.1
866

863.8
854.9
845.6
817.8

926.2
884.3

833.7
825.0
820.1

1617.7
1357.9
1316.8

1615.4
1551.9
1498.5
880.3
850.9

1966.2
1761.8
1723.7

1827.2
1691.5
1430.5

1504.1
1470.4
1467.2
801.5
788

994.3

14
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Parametric modulation of learning model-derived prediction parameters. Displayed are all clusters of > 20 mm?®. In each cluster, up to three maxima are listed
separated by > 8 mm. Thresholded at p < 0.001 uncorrected.

Location
Index (lobule) Side SUIT coordinates/mm Cluster size/mm?3 T
CS X prediction in fear acquisition training

no significant clusters
CS x prediction in extinction training
1 Extended cluster right VI (99), right V (61)

VI right 31 —47 -21 160 4.58

VI right 24 -52 -16 4.58

v right 22 —44 -16 3.69
2 VI right 32 -63 -19 40 3.71
3 Crus II right 7 -78 —42 50 3.71
4 VI right 39 -43 -26 83 5.62
5 \ left -11 -79 -18 45 5.04
6 \% left -25 -30 -27 27 4.98
7 Extended cluster left VI (175), left Crus I (44)

\ left -41 —46 -29 219 4.95

A left -36 -40 -27 4.31
8 VIIb left -27 -68 -56 41 4.35
9 IX vermal -1 -56 -38 31 4.07
10 VIIIb left -26 —47 -57 24 3.87
11 Crus II left -5 -82 -32 23 3.82
12 Crus II left -7 =77 —41 21 3.72
CS X prediction in recall
1 Extended cluster left VI (109), left Crus I (96)

Crus I left -35 —47 -35 205 5.20

A left -31 -58 -32 4.50
2 \% left -25 -35 =31 42 5.20
3 Crus I right 38 -50 -33 101 4.52
4 \ right 8 -72 -14 22 4.50
5 Crus I right 38 -71 —-22 21 4.42
no-US X prediction error in fear acquisition training
1 Extended cluster left VI (208), left Crus I (17)

VI left -20 -73 -25 225 4.71

VI left —-22 —-67 =31 4.67
2 Crus I left -34 -71 -26 72 4.69
3 Crus I left -6 -79 -27 77 4.51
4 A1 left -34 -55 -29 39 4.43
5 Crus I left —46 -52 -33 57 4.18
no-US X prediction error in extinction training
1 Extended cluster right VI (171), right Crus I (159)

Crus I right 15 =77 —24 330 6.44

Crus I right 26 -81 -21 5.07

Crus I right 36 -76 -22 4.99
2 Extended cluster left Crus I (1254), left VI (506), vermal VI (178), left Crus II (79), right VI (55), vermal Crus I (3)

VI left -7 -81 -21 2075 6.44

A left -18 -78 -20 6.21

Crus I left -16 =77 -32 5.67
3 Crus I left -27 -67 -38 58 6.06
4 Extended cluster left Crus I (281)

Crus I left —44 -69 -28 281 5.85

Crus I left -50 -60 =31 4.37
5 Crus I right 43 —61 -23 23 5.40
6 Crus I left —45 -52 -33 72 5.30
7 VIIb left —-28 —-68 —51 66 5.11
8 VI right 27 -58 -17 31 5.04
9 Extended cluster left VI (147), left Crus I (39)

VI left -31 -65 -25 186 4.65

VI left -39 -60 -23 3.64
10 \ right 38 —42 -26 23 4.56
11 VIIIb vermal 1 -60 -34 23 4.42
12 Crus I right 47 -53 -34 92 4.41
13 Crus I left —46 -69 -34 40 4.36
14 A left -41 —46 -28 22 4.20
15 Crus II right 7 =77 -30 31 4.13
16 Crus I right 47 —64 -25 29 3.91
no-US X prediction error in recall
1 I-IvV left -2 -50 -3 38 5.04
2 Crus I right 26 -75 -25 77 4.96
3 A left -16 =77 -22 24 4.69
4 X left -7 -56 —40 20 4.55
5 Crus I left -39 —47 -35 48 4.49
6 VIIb left -37 —44 —48 25 3.98

15
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Fig. 7. Cerebellar activation related to the CS+ and CS- during early recall. Cerebellar activations during the presentation of stimuli in (A) CS+ (acquisition context),
(B) CS- (acquisition context) in the early recall block, (C) CS+ (extinction context), (D) CS- (extinction context) in SUIT space projected on a cerebellar flatmap
(Diedrichsen and Zotow, 2015). All contrasts are calculated using TFCE and FWE correction (p < 0.05). Insert shows mean skin conductance responses (SCRs)
during early. Error bars indicate standard errors (SE). CS = conditioned stimulus; L = left; R = right; SUIT = spatially unbiased atlas template of the cerebellum;

TFCE = threshold-free cluster-enhancement; FWE = family-wise error rate.

tion for the no-US in extinction was also significant after application of
threshold-free cluster-enhancement (TFCE) at p < 0.05 familywise error
(FWE) corrected level (Table 8).

During recall we observed a significant effect of the parametric mod-
ulation of model-derived prediction values on the CS events in the pos-
terolateral cerebellum at an uncorrected threshold of p < 0.001. Effects
were observed predominantly in the left lobules Crus I and VI (Fig. 10A,
C; see also Table 7). A small cluster in Crus I remained significant at a
threshold of p < 0.05 (TFCE-FWE corrected, Table 8). Similar findings
were observed performing the same analysis in recall for no-US and
model-derived prediction error values (Fig. 10B, D, Table 7).

4, Discussion

Our main findings were twofold. First, the present fMRI data show
that the cerebellum is activated during the context-related recall of pre-
viously extinguished learned fear associations. Thus, part of the original
associative memory likely remained within the cerebellum following ex-
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tinction training. Second, as an unexpected incidental finding, we ob-
served that cerebellar activation related to the CS+ was not significantly
different from cerebellar activation related to the unreinforced CS- dur-
ing fear acquisition training. Possible reasons for this lack of differential
cerebellar activation will be discussed.

4.1. Lack of differential cerebellar activation comparing CS+ and CS-
during fear acquisition training

In the present study, significant cerebellar activations were observed
related to both the CS+ and the CS-, which were not significantly dif-
ferent from each other. In differential protocols, learning measures are
based on the difference in reactions to the reinforced CS+ and the un-
reinforced CS- to exclude reactions related to non-associative processes
such as orienting responses and habituation (Lonsdorf et al., 2017). The
most parsimonious explanation of the present findings is therefore that
they reflect a contribution of the cerebellum to these non-associative
processes. Cerebellar activations related to the CS+ and the CS- were



G. Batsikadze, N. Diekmann, T.M. Ernst et al.

Neurolmage 253 (2022) 119080

A

=
wn

—4A—CS+, Acg. Context —&—CS+, Ext. Context

g ] = | CS-, Acq. Context —¥—CS-, Ext. Context
§ 1.0 - :
= l : : E
o o 5 /E 5 H< % 5
] o ; b [l
2 O-O | t/ b N Iy i AN
gos] | f
1 1 1 1 1 1 1
\ ¢} A (+% X X C C-
WO P& P& <F <F WL WL
?,’5(\\\ \:‘)&e gb(\\\ \:a\,e ?,3(\\\ \,’b"e
B iE —A—CS+, Acg. Context —&—CS+, Ext. Context
L e CS-, Acq. Context —¥—CS-, Ext. Context
T 1.0 - e o : :
> ) ) )
0.5 - : /% : ;
c : : :
s 1%t 7 )@ .
S nc A : :
= 0.5 : : :
1 1 1 1 1 1 1
O o o X X C C-
Yo ne e R P G G
((:b(\\\ \3&3 Q,’b(\\\ \’3\9 gb(\‘\ \’3\?’

Fig. 8. Mean p values in two VOI. (A) vermis and (B) lobule VI and Crus I bilaterally on day 1 (habituation, fear acquisition and extinction training) and day 2
(recall) across trials. Dark colors = CS+, light colors = CS-. Trials in acquisition (Acq.) context are shown in red, trials in extinction (Ext.) context are shown in blue.
Horizontal lines represent group mean values. Error bars indicate standard error (SE). The two volumes of interest (VOIs) in the vermis and Crus I and lobule VI

bilaterally are illustrated in the inserts.

found predominantly in lobules Crus I and VI. These areas overlap
with regions in the cerebellum related to emotion processing, but also
attention and working memory related processes (Guell et al., 2018;
King et al., 2019). Thus, cerebellar activations may be an expression of
cerebellar involvement in orienting responses and maintaining attention
to the CS.

There is increasing evidence, however, that the CS- is not neu-
tral, and reactions to the CS- go beyond non-associative processes
(Lonsdorf et al., 2017). Participants not only learn that the CS+ is
followed by the aversive US, but they also learn the non-occurrence
of the US following the CS-. It has been proposed that the CS- be-
comes a learned safety cue predicting the absence of a harmful event
(Christianson et al., 2012; Grasser and Jovanovic, 2021; Labrenz et al.,
2015). Thus, the cerebellum may also be involved in associative
learning-processes related to the CS-, for example as a safety cue. The
absence of an aversive stimulus is rewarding (Kalisch et al., 2019) and it
has been shown that the cerebellum receives reward signals (Carta et al.,
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2019; Wagner et al., 2017; Wagner and Luo, 2020). As yet, however, it is
still debated whether safety learning occurs as a form of reward learning.
Future studies are needed to test the hypotheses that cerebellar activa-
tion related to the CS- go beyond non-associative processes, and include
learned associations related to the CS-.

Most previous studies in the literature, however, observed differen-
tial activation in the cerebellar cortex with significantly stronger ac-
tivations related to the CS+ compared to the CS- (Ernst et al., 2019;
Lange et al., 2015). Differences in parameters of the applied condi-
tioning paradigms may explain the lack of differential activation in the
present study. First, the US was applied to the lower leg and not to the
hand. Harmful stimuli applied to the hand are more salient compared
to the face (Schmidt et al., 2020). Likewise, harmful stimuli applied to
the hand are likely more salient compared to the lower limb. Increased
US salience leads to stronger associative learning (Lonsdorf et al.,
2017) and may result in stronger cerebellar activations related to
the CS+.
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Fig. 9. Group main effects of parametric modulation with learning model-derived data during fear acquisition and extinction training. (A, C) Parametric modulation
of CS events with individual mean prediction values, and (B, D) parametric modulation of omission of US events at CS termination (no-US) with individual absolute
mean prediction error values. Activation maps are displayed at a trend level of p < 0.001, uncorrected, on a cerebellar flatmap.

Furthermore, in the present study, cues were shown in a complex
context. It is conceivable that participants learned not only the associ-
ation between the cue/context and the US, but also between the cue
and the context. The cerebellum is known to contribute to learning of
cognitive stimulus-stimulus associations (Drepper et al., 1999). The pre-
sentation of the context had an onset and an end. Participants may have
learned that the presentation of the context is followed by turning on
a light, independent of whether this is followed by an electric shock or
not. Learning this context-cue cognitive association may have resulted
in cerebellar activations related to both the CS+ and the CS-, which may
have hampered the detection of differential activations related to the CS-
US association. Despite this lack of differential activation, significant
effects of parametric modulation with model-derived prediction error
values were found in the cerebellum in the extinction training and on a
trend level in the acquisition training. Prediction errors drive associative
learning (Holland and Schiffino, 2016; Rescorla and Wagner, 1972), and
parametric modulation effects suggest that fear and extinction learning
related processes have taken place in the cerebellum. These findings
agree with a previous study of our group that found that the cerebellum
contributes to the processing of predictions and prediction errors in fear
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conditioning (Ernst et al., 2019). Regardless of possible reasons of the
lack of significant differential activations, the present study shows that
it is worthwhile to look at the individual contrasts related to the rein-
forced and unreinforced cues, in addition to the differential contrasts.
Although part of the activations related to unreinforced cues are likely
due to non-associative processes, cerebellar activations related to learn-
ing of a safety signal or other learned associations related to the CS- may
also play a role.

4.2. Cerebellum contributes to context-related processes of extinction

The main aim of the present study was to show that associative fear
memory in the cerebellum is not fully erased during extinction train-
ing. We believe that our findings agree with this assumption. During
recall, strongest cerebellar activation was seen during early recall and
presentation of the CS+ in the acquisition context. Cerebellar activation
was accompanied by significantly increased SCRs as an indication of re-
turn of fear, i.e., renewal. Context-related return of fear during recall
was further supported by modeling data. During recall parametric mod-
ulation of the CS with the US prediction values calculated by our DNN
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Table 8
Parametric modulation of learning model-derived prediction parameters after TFCE and FWE correction. Displayed are all clusters that survive TFCE and FWE
correction thresholded at p < 0.05 without cluster size limit. In each cluster, up to three maxima are listed separated by > 8 mm.

Location
Index (lobule) Side SUIT coordinates/mm Cluster size/mm®  ppy TFCE

CS x prediction in fear acquisition training
no significant clusters
CS X prediction in extinction training
no significant clusters
CS X prediction in recall
1 Crus I left -35 —47 -35 4 0.044 750.2
no-US X prediction error in fear acquisition training
no significant clusters
no-US X prediction error in extinction training

1 Extended cluster  left Crus I (4808), right VI (1837), left VI (1807), right Crus I (1602), vermal VI (629), left Crus II (555), right Crus II (204), left V (62),
vermal Crus II (58), vermal Crus I (17), gray matter (5), right V (3)

VI left -18 -78 -20 11,587 <0.001 2216.6

VI left -7 -81 -21 <0.001 2160.3

Crus I left -15 -81 -27 <0.001 2086.1
2 Crus I left -27 -67 -38 109 0.011 983.4
3 Extended cluster  left VI (137)

VI left —26 -59 -17 137 0.032 812.4

VI left -17 -63 -17 0.041 779.7
4 VI right 9 -69 -14 31 0.045 754.9
5 Crus I right 25 -85 -34 27 0.046 750.3
6 Crus II left -30 -78 -40 3 0.049 743.1
7 Crus I left -43 =77 -41 2 0.050 740.8

no-US x prediction error in recall
no significant clusters

reinforcement learning model showed significantly modulated activa- gest that associations related to the CS- (e.g., learned safety signals) are
tion of the posterolateral cerebellum (lobules Crus I and VI). Since the also context-dependent, but this needs to be confirmed and closer inves-
prediction values differed based on context during recall, data suggest tigated in future studies. Finally, higher cerebellar activation related to
that the cerebellum is involved in context-related recall of learned fear the CS- in the extinction compared to the acquisition context may reflect
associations. Findings agree with observations in patients with cerebel- the fact that participants expected a change of contingencies.

lar disease which affected parts of the posterolateral hemisphere. These
patients showed a lack of renewal in an eyeblink conditioning paradigm

(Steiner et al., 2019). 4.3. Limitations

A prerequisite for context-related return of previously extinguished
fear responses is that part of the original fear memory is retained SCRs are known to show intra- and interindividual variability
(Bouton and King, 1983). Cerebellar activation in the cerebellar cortex (Dawson et al., 2007; Fowles and Rosenberry, 1973; Maulsby and Edel-
during recall suggests that memory is retained in the cerebellar cortex. berg, 1960). This was also the case in the present study. Therefore,
This is at variance with a recording study in fish showing that acquisi- modeling data were based on group data rather than individual data.
tion related plasticity at the Purkinje cell is reversed during extinction Inclusion of additional outcome parameters, e.g., changes in pupil size
(Yoshida and Kondo, 2012). These findings agree with recording stud- (Leuchs et al., 2017, 2019) in future studies may allow for more ro-
ies in the eyeblink conditioning paradigms in rodents (Jirenhed et al., bust trial-by-trial individual behavioral data and improve modeling of
2007). In eyeblink conditioning, however, plastic changes during acqui- predictive trial-by-trial values in individual participants.
sition training are not limited to the parallel fiber/Purkinje cell synapse, Cerebellar activations in fear conditioning studies were most robust
but also occur at granule cells and interneurons (De Zeeuw et al., 2021; in the posterolateral cerebellum, which is in very good agreement with
Gao et al., 2012). This may equally be the case in fear conditioning. the previous literature. Activations of the lateral cerebellum may be
Granule cells and interneurons may be places where memory is retained. most strongly related to more cognitive aspects of the learned associ-
In the eyeblink conditioning literature, it has also been proposed that ations, which have not been assessed on a trial-by-trial basis. Further-
memory is retained in the cerebellar nuclei allowing for fast relearning more, as discussed above, cerebellar activations may not only be related
in the cerebellar cortex during reacquisition (and therefore explaining to the CS+/US associations.
saving effects) (Medina et al., 2002). The remaining memory may be Furthermore, although cerebellar activation related to the CS+ was
under the inhibitory control of the cerebral fear extinction network me- significantly higher compared to CS- in the acquisition but not the ex-
diated via the amygdala and pons as outlined in more detail in the intro- tinction context during early recall, no significant cerebellar activation
duction (Hu et al., 2015; Robleto and Thompson, 2008). The cerebellum was observed comparing the CS+ in the acquisition and extinction con-
on the other hand has known anatomical connections with the vmPFC text. Results need to be confirmed in a larger group of participants using
and the hippocampus and may also modulate context-related processes an optimized paradigm, e.g., by application of the US to the hand and
in extinction learning (Bostan et al., 2018). by continuous presentations of the contexts. Possible reasons for lack

Cerebellar activation in recall, however, was also present in the ex- of statistical difference comparing cerebellar activations related to the
tinction context, and also related to the CS-. Fear acquisition and extinc- CS+ and CS- in acquisition learning have been outlined above. Lack of
tion training were performed on one day and recall on the subsequent power may be an additional reason why significant differential activa-
day. A change in context can also be a change in time. Thus, cerebellar tions were not observed.
activation may also be explained by an ABC renewal effect (fear acqui- Finally, the design worked in general, but not in each phase and for
sition training in context A, extinction training in context B, recall in each measure. An additional look at other prominent fear related brain
context C) (Hermann et al., 2016). Activations related to the CS- sug- structures would likely add further signs of successful learning.
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Recall, no-US x prediction error

Fig. 10. Group main effects of parametric modulation with learning model-derived prediction parameters during recall. (A, C) Parametric modulation of CS events
with individual mean prediction values, and (B, D) parametric modulation of omission of US events at CS termination (no-US) with individual mean absolute
prediction error values. Activation maps are displayed at a trend level of p < 0.001, uncorrected, on selected coronal slices of the cerebellum (A, B), and on a

cerebellar flatmap (C, D).

5. Conclusions

Cerebellar activation was present during context-related recall of
previously extinguished fear associations, which agrees with the as-
sumption that part of the original associative memory is retained in the
cerebellum. As an unexpected side-effect we found lack of differential
cerebellar activations related to the CS+ and CS-. Cerebellar activation
related to the CS- may be related to non-associative processes, such as
orienting responses, or learning of CS- related associations, e.g., in the
context of safety cues.
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