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Stimuli encoded shortly before an aversive event are typically well remembered. Traditionally, this
emotional memory enhancement has been attributed to beneficial effects of physiological arousal on
memory formation. Here, we proposed an additional mechanism and tested whether memory formation
is driven by the unpredictable nature of aversive events (i.e., aversive prediction errors). In a combined
Pavlovian fear conditioning and incidental memory paradigm, participants saw initially neutral pictures
from 2 distinct categories, 1 of which was associated with a risk to receive an electric shock. During
encoding, we measured both physiological arousal and explicit prediction errors to explain memory
differences in a surprise recognition test that followed approximately 24 hr later. In a first experiment,
we show that physiological arousal, expressed as outcome-related skin conductance responses, was
associated with improved recognition memory, corroborating arousal-based models. Critically, unsigned
binary prediction errors derived from explicit shock expectancy ratings in each trial were also linked to
enhanced recognition and model fits showed that the impact of prediction errors on memory was
dissociable from the impact of arousal. In a second experiment, we replicated and extended the findings
of the first experiment by demonstrating that the memory-promoting effect of prediction errors remained
even after controlling for arousal. The present data point to prediction error-related learning as a cognitive
mechanism that contributes to the emotional enhancement of memory, above and beyond the well-

Prediction Error Related to Aversive Events Promotes

established effects of arousal in emotional memory formation.

Keywords: episodic memory, prediction errors, arousal, associative learning, fear conditioning

Information that is encoded within close temporal proximity to
an aversive event is typically well remembered (Cahill & Mc-
Gaugh, 1998; Christianson & Loftus, 1987; Christianson, Loftus,
Hoffman, & Loftus, 1991; LaBar & Cabeza, 2006; Schwabe, Joéls,
Roozendaal, Wolf, & Oitzl, 2012). Although generally adaptive as
it might help to avoid threatening situations in the future (Nairne,
Thompson, & Pandeirada, 2007), the superior memory for stimuli
encoded around the time of an aversive event may also contribute
to fear-related psychopathologies such as phobia or posttraumatic
stress disorder (de Quervain, Schwabe, & Roozendaal, 2017; Dun-
smoor & Paz, 2015; Pitman, 1989).

The enhanced memory for information linked to an aversive
event is exemplified by Pavlovian fear conditioning, in which an
initially neutral conditioned stimulus (conditional stimulus [CS]™")
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precedes an aversive unconditioned stimulus (UCS; LaBar &
Cabeza, 2006; Maren, 2001). Several studies demonstrated that
subsequent memory for the CS™ is much better than for another
stimulus (CS ™) that was also repeatedly presented but never paired
with the UCS (Dunsmoor, Murty, Davachi, & Phelps, 2015;
Schwarze, Bingel, & Sommer, 2012). Recent evidence shows that
the memory boosting effect of aversive events is not limited to
individual items but might also operate at the category level. For
example, when several pictures of one category (e.g., animals,
CS™) were followed by an aversive shock, even nonshocked
pictures from that category were better remembered in a subse-
quent surprise memory test compared with pictures from a non-
shocked control category (e.g., tools, CS™; Dunsmoor et al., 2015).

Classically, the emotional enhancement of memory in general
and the superior memory for CS™ versus CS™ items, in particular,
has been attributed to the physiological arousal that is elicited by
aversive stimuli such as the CS™ in fear learning (Cahill, Prins,
Weber, & McGaugh, 1994; LaBar & Cabeza, 2006; McGaugh,
2018; Schwarze et al., 2012). More specifically, aversive experi-
ences are well-known to prompt the secretion of catecholamines,
including the release of adrenaline and noradrenaline (Joéls &
Baram, 2009). In the periphery, adrenergic arousal is reflected, for
instance, in increased skin conductance responses (SCRs). At the
brain level, adrenergic arousal increases the activity of the baso-
lateral amygdala, which then strengthens memory formation pro-
cesses in other areas such as the hippocampus (LaBar & Cabeza,
2006; McGaugh & Roozendaal, 2002; Pape & Pare, 2010; Phelps,
2004).
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While the role of physiological arousal in the enhanced memory
for items encoded shortly before aversive events is well docu-
mented, there may still be other mechanisms contributing to this
memory enhancement. In particular, aversive events are often
unpredictable in nature and characterized by a discrepancy be-
tween expectations and outcomes, so-called prediction errors. The
Rescorla-Wagner model (Rescorla & Wagner, 1972), a classic
model in the domain of associative learning, describes how pre-
diction error signals can prompt learning. At the core of this
model, the strength of association between a CS and a UCS is
updated iteratively after each trial through a prediction error that is
weighted by both the salience of the CS and a learning rate
parameter linked to the UCS (Walkenbach & Haddad, 1980). The
prediction error is formalized as the difference between the actual
US presented in a given trial and the summed predicted values of
all the cues present on this trial (Miller, Barnet, & Grahame, 1995).
Mathematically, this surprise signal is obtained by subtracting the
expected signal from the observed outcome signal. The prediction
error is therein conceptualized as a continuous variable, meaning
that prediction errors can differ in magnitude depending on the
extent to which observed and predicted outcomes differ. In the
Rescorla-Wagner model, prediction errors are also treated as a
signed variable, meaning that they will be negative when expec-
tations exceed observed outcomes for the given trial and positive
when outcomes exceed expectations.

Various basic cognitive domains, such as visual processing
(Hosoya, Baccus, & Meister, 2005; Rao & Ballard, 1999), auditory
processing (Baldeweg, 2006; Smith & Lewicki, 2006), and atten-
tion (Feldman & Friston, 2010; Spratling, 2008) have been dem-
onstrated to involve top-down predictions that are matched against
sensory input signals (Wacongne et al., 2011). In the domain of
reinforcement learning, reward prediction errors are used to update
state-action values, allowing agents to choose optimal actions by
updating their internal models of complex environments (Holler-
man & Schultz, 1998; Maia, 2009; Schultz, 2000; Schultz, Dayan,
& Montague, 1997). The widespread evidence for predictive cod-
ing in various domains has led some authors to suggest that
forming predictions might be one fundamental principle of neural
computation in the brain (Bubic, von Cramon, & Schubotz, 2010;
Clark, 2013; Friston, 2010).

More recently, prediction errors have been reconceptualized as
general teaching signals (Bar, 2007; Clark, 2013) that may en-
hance memory for ongoing aversive events (Trapp, O’Doherty, &
Schwabe, 2018). This is based on the notion that aversive events,
besides the physiological arousal that they induce, can be charac-
terized by their unpredictability (de Berker et al., 2016). Thus, they
are linked to prediction errors that may be interpreted as evidence
that an agent’s present model of the environment is insufficient or
that necessary information is missing. Prediction errors may, pre-
sumably through their effects on the dopaminergic system (Schultz
& Dickinson, 2000; Shohamy & Adcock, 2010), promote a state
that enables rapid learning of ongoing events. According to this
view, it might be hypothesized that the enhanced memory for
stimuli that precede an aversive event is at least partly due to the
prediction error associated with this event. Indeed, there is first
evidence from reward learning suggesting that prediction errors
might promote episodic memory formation in humans (Jang, Nas-
sar, Dillon, & Frank, 2018; Rouhani, Norman, & Niv, 2018).
Similarly, a recent study manipulated both participants’ prior ex-

pectations and following evidence to actively control prediction
errors and found that these prediction errors led to improved
one-shot declarative learning (Greve, Cooper, Kaula, Anderson, &
Henson, 2017).

However, to date it remains completely unknown whether pre-
diction errors may contribute to the enhanced memory for infor-
mation linked to aversive events and, even more importantly,
whether the putative contribution of a prediction error to the
superior memory for events encoded shortly before an aversive
event goes beyond the impact of physiological arousal on memory.

Thus, we aimed here to determine the role of prediction errors,
above and beyond physiological arousal, in the superior memory
for stimuli that precede aversive events. In two experiments, we
asked participants to predict the occurrence of aversive electric
shocks in a combined Pavlovian fear conditioning and incidental
memory encoding paradigm. In this task, unique pictures of ex-
emplars from two categories (animals and tools) were presented.
Pictures from one of the two categories were followed by an
electric shock with a probability of two thirds, while pictures from
the remaining category were never followed by a shock. In each
trial, participants predicted the occurrence of a shock in a forced-
choice fashion, while we measured SCRs as indicators of physio-
logical arousal. Therefore, we collected data on both prediction
errors and physiological arousal during encoding. Memory for the
previously presented pictures was assessed in a surprise recogni-
tion test about 24 hr later. We hypothesized that recognition
performance would be enhanced for pictures that were linked with
incorrect shock predictions and that these memory advantages
could not be fully explained by the increased physiological arousal
elicited by the aversive event.

Experiment 1

Experiment 1 was designed to test the role of prediction errors
in episodic memory formation in the context of aversive fear
conditioning. Specifically, we aimed to investigate whether pre-
diction errors can explain memory advantages for events associ-
ated with aversive stimuli beyond the well-known memory effects
of physiological arousal on subsequent remembering. To this end,
participants completed an incidental memory task in which they
were instructed to predict whether a picture would be followed by
an electric shock, while we recorded SCRs as a physiological
measure of arousal.

Method

Participants. Forty-four healthy men and women between 19
and 33 years of age (M = 25.05, SD = 3.75) participated in this
experiment. This sample size was based on an a priori sample size
calculation with the software G*Power 3 (Faul, Erdfelder, Lang, &
Buchner, 2007) to achieve a statistical power of .90 to detect a
medium sized effect (d, = 0.5) using a two-tailed dependent
means ¢ test at o = .05. Exclusion criteria comprised any current
physical or mental illness, life-time history of any neurological
disorder, electronic medical devices such as pacemakers, and preg-
nancy in women. Each participant gave written informed consent
before testing and received a monetary compensation of 20€.
Ethical approval for the study protocol was obtained from the
ethics committee of the Faculty of Psychology and Human Move-
ment Sciences of the University of Hamburg.
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Materials. Stimuli were 180 color pictures of animals and 180
color pictures of tools isolated on white backgrounds. Pictures
were acquired from the Bank of Standardized Stimuli (BOSS;
Brodeur, Dionne-Dostie, Montreuil, & Lepage, 2010; Brodeur,
Guérard, & Bouras, 2014) as well as from publicly available
Internet sources. All pictures were chosen to be of neutral valence,
to avoid ceiling effects in memory performance and any interfer-
ence between stimulus-related arousal on the one hand and pre-
diction errors or arousal induced by the aversive event on the other
hand. They were selected to be unique exemplars of their respec-
tive category. For example, there were not two pictures of different
dogs or two pictures of different hammers. Sixty pictures were
used during the learning session on experimental Day 1 and 120
pictures for encoding tasks that were unrelated to the purpose of
the present study and took place before or after the learning
session. More important, this task did not feature any aversive
events, nor were participants asked to make any predictions. The
remaining 180 stimuli were used as lures during the recognition
test. The order in which individual items were presented was
randomized across participants. Likewise, the allocation of each
stimulus as either learning item or lure was randomized per par-
ticipant.

Procedure. The experiment took place on two consecutive
days, with encoding session on experimental Day 1 and the test
session on experimental Day 2. Upon arrival at the lab on exper-
imental Day 1, participants gave written informed consent and
completed a demographic questionnaire. They then received writ-
ten instructions that they were going to see a series of pictures of
animals and tools and that some pictures would be followed by a
brief electric shock after the picture had disappeared. Participants
were instructed to try to predict whether a shock would be follow-
ing the current picture. We did not inform participants about the
underlying shock contingencies, but participants should learn these
by trial and error, using the electric shocks as feedback to improve
their predictions (see Figure 1). Participants were not informed
about the subsequent memory test for the shown pictures.

To measure SCRs as indicators of physiological arousal and
conditioned fear, electrodes were placed on the distal phalanx of
the second and third finger of the left hand. Skin conductance was
measured using the MP-160 BIOPAC system (BIOPAC systems,
Goleta, CA). For electrical stimulation, we used the STM-200
module connected to the MP-160. A stimulation electrode was
placed on the right lower leg, approximately 25 cm centrally above
the heel. Stimulation intensity was adjusted individually to be
unpleasant but not painful using a standardized procedure. More
specifically, a total of twelve 200 ms single pulse shocks were
administered, with an initial intensity of 20 V. After each trial,
participants rated whether the shock had been painful in a forced-
choice fashion using the “left” (“not painful”) and “right” (“pain-
ful”) keys. Whenever participants rated the shock as not painful, its
intensity for the next trial was increased slightly. Analogous, when
participants rated the shock as painful, it was decreased slightly.

During the encoding session, 30 pictures of animals and 30
pictures of tools were presented in a pseudorandomized order so
that no more than three pictures from the same category appeared
in a row. Each picture was presented only once. In each trial, a
picture from one of the two categories was presented centrally on
a computer screen for 4.5 s, during which participants were re-
quested to make their binary prediction whether an electric shock

was going to follow using the left and right arrow keys on the
computer keyboard. A 200 ms electric shock with the intensity
determined for a participant before (see above) was presented
immediately after the offset of some of the pictures. Critically,
shock contingencies were linked to item categories (i.e., tools vs.
animals). For each participant, one of the two item categories was
randomly determined to be the CS™ category, while the other
served as the CS™ category. Which stimulus category served as
CS™ and CS™, respectively, was counterbalanced across partici-
pants. For each CS™ trial, the probability of a 200 ms single-pulse
shock was two thirds, so that 20 out of 30 CS™ trials were followed
by a shock. In the 30 trials that featured images from the CS™
category, no shocks were administered. Between pictures, a black
fixation cross was presented centrally on a white background with
a variable duration of 8 = 2 s, which allowed us to measure the
relatively slow SCRs elicited by the pictures and the electric shock.
After completion of the conditioning phase, electrodes were re-
moved, and participants rated the intensity of shocks on a scale
from 1 (not unpleasant at all) to 10 (extremely unpleasant).

On experimental Day 2, 22 to 26 hr after the encoding session,
participants returned for a surprise recognition test. First, they
completed a short questionnaire to assess whether they anticipated
a memory test and then rated how surprised they were about the
recognition test on a scale from 1 (not surprised at all) to 5 (very
surprised). Next, they received written instructions explaining
details of the following recognition test. During the recognition
test, participants were presented all pictures they had seen on
experimental Day 1 (90 pictures of animals, 90 pictures of tools)
as well as 180 “new” pictures (90 pictures of animals, 90 pictures
of tools) that had not been presented on the previous day. Each trial
started with a central black fixation cross on a white background
for 1.5 = 0.5 s, followed by an “old” or “new” picture presented
centrally on the computer screen. For each item, participants made
a two-staged forced-choice decision. First, participants had 5 s to
indicate whether the currently presented picture was old (presented
on the previous day) or new (not presented before) using the left
and right arrow keys, respectively. Then, participants had 5 s to
indicate how confident they were with this decision by pressing
buttons corresponding to “very unsure,” “rather unsure,” “rather
sure,” and “very sure.”

Data analysis. For each trial, we derived a binary unsigned
prediction error, which was calculated as the absolute value of the
difference between participants’ explicit binary shock expectancy
ratings (coded 0 when no shock was expected and coded 1 when
a shock was expected) and the actual outcome of the trial (coded
0 when no shock occurred and 1 when a shock occurred in the
current trial). The resulting prediction error is, therefore, also
binary, attaining O for any correct prediction (i.e., either an ex-
pected shock or an expected shock omission) and 1 for any
incorrect prediction (i.e., either an unexpected shock or an unex-
pected shock omission). It is important to note differences in this
conceptualization of prediction errors from other common learning
models, such as the Rescorla-Wagner model (Rescorla & Wagner,
1972), that assume prediction errors to be continuous.

SCRs were analyzed using Continuous Decomposition Analysis
in Ledalab Version 3.4.9 (Benedek & Kaernbach, 2010). Specifi-
cally, we derived the average phasic driver within the specified
response window. First, skin conductance data were down-
sampled to a resolution of 50 Hz and optimized using four sets of
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Task design. In each of the 60 trials of a combined incidental learning and fear conditioning task,

participants saw a picture of an animal or a tool and predicted whether they would receive an aversive electric
shock or not. One of the two stimulus categories (animals or tools) was randomly selected as the conditional
stimulus (CS™) category, while the other served as the CS™ category. Twenty out of the 30 CS™ pictures were
followed by a mild electric shock, while the 30 CS™ pictures were never followed by a shock. Participants were
not instructed about these contingencies but had to learn them by trial and error. Memory for the pictures was
tested in a surprise recognition test about 24 hr after encoding. See the online article for the color version of this

figure.

initial values. For the anticipatory SCR, the response window was
set from 0.5 to 4.5 s after stimulus onset. For the outcome-related
SCR, the response window was set from 4.5 to 7.9 s after stimulus
onset. More important, aversive electrodermal stimulation always
occurred exactly 4.5 s after stimulus onset; thus, leaving the
anticipatory SCR unaffected by the shock itself. The minimum
amplitude threshold was set to 0.01 wS for both the anticipatory
and the outcome-related SCR. Resulting estimates of average
phasic driver within each response window were returned in pS. It
should be noted that these estimates are sensitive to interindividual
baseline skin conductance differences because of physiological
factors such as the thickness of the corneum (Figner & Murphy,
2011). To account for these interindividual baseline differences,
we standardized both the anticipatory and the outcome-related
SCR by dividing the average phasic driver estimated in each trial

by the maximum average phasic driver for each participant ob-
served in any of the 60 trials.

To investigate how prediction errors and physiological arousal
impacted the ability to recognize pictures presented during inci-
dental encoding on the next day, we fitted generalized linear mixed
models (GLMMs) with a logit link function using the Ime4 R
package (Bates, Michler, Bolker, & Walker, 2015). Compared
with a “classic” analysis of proportions of binary recognition per
condition and per participant, GLMMSs have several advantages,
such as increased statistical power and being less prone to spurious
results (Dixon, 2008; Jaeger, 2008). Following guidelines to max-
imize the generalizability of these models, we included the max-
imal random effects structure, treating subjects as random effects
for both the intercept and all slopes of the fixed effects included in
the model (Barr, Levy, Scheepers, & Tily, 2013). The recognition
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of an individual item was treated as the binary dependent variable,
coded ‘0’ for misses and ‘1’ for hits. In line with previous research
on episodic memory (Bartlett, Till, & Levy, 1980), our analysis
focused on high-confidence responses, that is, only trials in which
participants indicated that they were either rather sure or very sure
were considered. Such high-confidence recognitions have been
linked to a hippocampus-based recollection rather than only fa-
miliarity with an item, which is assumed to depend on the perirhi-
nal cortex (Eichenbaum, Yonelinas, & Ranganath, 2007). We
fitted models using different sets of independent variables, such as
prediction errors and measures of arousal and compared their
goodness of fits using likelihood ratio tests to select the most
appropriate model, indicating which factors drive episodic mem-
ory formation most strongly.

Results and Discussion

Anticipation of the memory test. To assess whether partici-
pants had expected a recognition test on the second experimental
day, they gave ratings from 1 (not surprised at all) to 5 (very
surprised). Questionnaire data from six participants were missing.
In the remaining sample of 38 participants, the mean response was
2.92 (SD = 0.97), indicating that, on average, participants were
moderately surprised. Only four participants indicated that they
had anticipated the recognition test by choosing the not surprised
at all option. These four participants were still included in the
analysis and excluding them did not change the pattern of results.

General memory performance. On average, participants
correctly recognized 69.5% (SD = .12) of all pictures that they had
seen on the previous day (hit rate). When counting only high-
confidence recognitions (i.e., responses with rather sure and very
sure confidence ratings) as hits and low-confidence recognitions as
misses, the hit rate decreased slightly to 54.5% (SD = .15). In
comparison, the false alarm rate (i.e., incorrectly classifying a new
picture as old) was overall low to moderate at 24.4% (SD = .09).
More important, the false alarm rate for items from the CS™
category (M = .25, SD = .10) was comparable with the false alarm

0.5 -~ CS+

o o <
N w IS

Mean anticipatory SCR (US)

o

0.0

1-10  11-20 21-30 31-40 41-50 51-60
Trials

Figure 2.

rate for items from the CS™ category (M = .24, SD = .13), 1(43) =
0.35,p = .72, d,, = 0.06.

Successful fear conditioning. Physiological data from antic-
ipatory skin conductance responses confirmed that fear condition-
ing was successful. On average, participants showed significantly
greater anticipatory SCRs to CS™ items compared with CS™ items,
1(43) = 4.79, p < .001, d,, = 0.52. To further analyze when
participants first began to show signs of conditioned fear, we
divided the task into six consecutive blocks, each consisting of 10
trials (Figure 2A). As expected, in the first 10 trials of the task,
participants did not yet show increased anticipatory SCRs to CS™
items compared with CS™ items, #(43) = 1.32, p = .19, d,, =
0.13. Starting from the second block (Trials 11-20); however, we
consistently found that anticipatory SCRs were greater for CS™
items than for CS™ items in all five remaining blocks (all ps <
.004). This shows that conditioned fear was acquired relatively fast
and lasted over the whole encoding phase. An analysis of variance
(ANOVA) with block and condition as within-subject factors
revealed that anticipatory SCRs were affected by both the condi-
tion, F(1, 43) = 22.04, p < .001, ng = .042, as well as the block,
F(5,215) = 13.71, p < .001, m% = .072. There was no significant
interaction between these two factors, F(5, 215) = 1.49, p = .19,
Mg = .004. The lack of a significant Condition X Block interaction
is not necessarily surprising, given the fact that anticipatory SCRs
differentiated very quickly between CS* and CS™ items. An
ANOVA might, therefore, not have enough power to detect such
small differences within the first few trials, as SCRs were clearly
distinct for CS™ and CS™ stimuli in all following trials. At the
descriptive level, however, we found that mean anticipatory SCRs
were almost identical in the first five trials for CS™ items (M =
0.44 uS, SD = 0.21 wS) versus CS™ items (M = 0.42 nS, SD =
0.24 wS), providing additional evidence that anticipatory re-
sponses for both conditions were initially comparable.

Improved memory for CS* items compared with CS™ items.
As expected, the average hit rate for items from the CS™ category
(M = .73, SD = .14) was significantly higher than for items from
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Average anticipatory skin conductance responses by block and condition. Apart from the first 10

trials, anticipatory skin conductance responses were always significantly higher for items from the conditional
stimulus (CS ™) category compared with items from the CS ™ category in both Experiment 1 (A) and Experiment
2 (B), confirming that the fear conditioning procedure was successful. Error bars represent SEM. ™ p < .05.
p < .01. " p < .001. See the online article for the color version of this figure.
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the CS™ category (M = .66, SD = .15), 1(43) = 2.35, p = .023,
d,, = 0.42. This finding is generally in line with the classic model
that attributes memory advantages for CS™ items to increased
physiological arousal associated with these items.

Prediction errors. Recent evidence suggests that episodic
memory formation might not only be driven by physiological
arousal during encoding, but also by errors made in predicting
future outcomes (Jang et al., 2018; Rouhani et al., 2018). We
requested participants to make explicit binary predictions about
shock outcomes in each trial. On average, participants made in-
correct predictions in 27.8% (SD = .10) of all trials. As expected,
the average number of prediction errors decreased as the task
progressed, r(58) = —.34, p = .008. This finding indicates that
participants learned the contingency between picture category and
shock very well. Because of the partial reinforcement schedule,
however, prediction errors occurred also after the contingency was
learned. Notably, participants made substantially more prediction
errors for CS™ items (M = .45, SD = .09) compared with CS™
items (M = .11, SD = .14), 1(43) = 18.11, p < .001, d,,, = 2.96.
On the other hand, it should be noted that prediction errors were
still conceptually different enough from the CS™/CS™ categories
so that their effects could be differentiated. This was reflected by
an only moderate association, at item level, between binary pre-
diction errors and the binary category membership of an item (CS™
vs. CS™), ¢ = .38, p < .001. This significant moderate association
is likely because of prediction errors occurring far more often in
CS™ trials. On the other hand, participants made prediction errors
in less than half of CS™ trials, leaving enough variance in predic-
tion errors even if only CS™ trials are considered.

Similarly, prediction errors exhibited a small but significant
point-biserial correlation with standardized anticipatory SCRs,
r(2,624) = .10, p < .001. The same was true for the outcome-
related SCRs, r(2,624) = .12, p < .001. Again, these findings are
not at all surprising, as SCRs might partly reflect uncertainty and
surprise, two concepts that are also linked to prediction errors, and
it has been demonstrated before that prediction errors may lead to
a certain state of arousal (de Berker et al., 2016). On the other
hand, as correlation coefficients were small, we still expected that
effects of these two concepts (i.e., arousal and prediction errors)
would be separable in a GLMM.

Effects of encoding order on memory performance. The
serial position of an individual item within the encoding session
could potentially influence memory performance for this item in
the following recognition test. For example, participants might
show greater attention to items that appear early in the encoding
task, leading to better recognition of these early items (i.e., a
primacy effect). Awareness of such an effect would be critical, as
it might be confounded with other measures that have varying
frequencies over the course of the task, such as prediction errors,
which become less frequent as the encoding session progresses.
To investigate whether the probability of correctly recognizing
an item in the memory test depends on the relative position of the
item within the task, we fitted a GLMM with the position of each
item within the encoding session (i.e., the trial number) as the sole
independent variable to explain differences in item recognition on
the following day. This revealed no effect of the serial position of
an item during encoding on memory formation, z = 0.56, p = .57,
B = 0.002.

Modeling recognition at item level. So far, we have shown
that, on average, items from the CS™ category were better recog-
nized after 24 hr than items from the CS™ category. Two plausible
underlying mechanisms have been identified. First, we showed
that CS™ items provoked increased anticipatory SCRs compared
with CS™ items, suggesting that physiological arousal may pro-
mote episodic memory. In addition, however, we showed that CS™
items were also associated with a substantially increased rate of
prediction errors for aversive electric shocks, providing initial
evidence for an intriguing alternative model in which the observed
memory advantage for CS™ items is linked to an increased pre-
diction error for this category. To test these two models, we fitted
GLMMs at item level, treating the binary recognition of an item
presented on Day 1 as the dependent variable.

First, to test the model of arousal-induced memory enhance-
ments at item level, we treated the standardized anticipatory SCR
in each trial as the sole independent variable to predict the binary
recognition of an item. As we expected this model to best reflect
fear conditioning-induced memory effects, we treated it as a base-
line model for later comparisons. Surprisingly, estimates obtained
after fitting the model revealed no significant effect of the antic-
ipatory SCR on item recognition, z = 0.81, p = 41, = 0.22.
Next, we added the standardized outcome-related SCR as an
additional predictor that reflects physiological arousal after the
outcome in a trial has become apparent (i.e., either a shock or no
shock). This additional variable showed the expected positive
relationship with item-specific recognition performance, indicating
that higher SCRs were associated with improved recognition, z =
2.82, p = .005, B = 0.76, in line with models of arousal-induced
memory enhancement.

In a first minimal model of prediction error-induced memory
enhancements, we added the unsigned binary prediction error as
the sole independent variable. This revealed that episodic memory
was indeed enhanced for trials in which an incorrect shock pre-
diction was made, z = 2.20, p = .027, B = 0.46.

To investigate the possibility that the effects of physiological
arousal and the effects of prediction errors on memory might
reflect distinct mechanisms, we added both measures of arousal
(i.e., anticipatory and outcome related SCRs) to the previously
defined minimal model that featured only the binary prediction
error as the sole independent variable. Again, this revealed no
significant effect of anticipatory SCRs on item recognition, z =
0.24, p = .81, B = —0.07. Larger outcome-related SCRs, on the
other hand, were again associated with better item recognition, z =
2.52, p = .012, B = 0.72. For prediction errors, there was a strong
trend in the direction that recognition was improved in trials with
incorrect predictions, yet this trend did not reach statistical signif-
icance, z = 1.83, p = .067, B = 0.36.

Using likelihood ratio tests, we next compared the previously
introduced models to identify which of them is best suited to
describe the mechanisms underlying episodic memory forma-
tion in this task (Figure 3A). Critically, the combined model
with the anticipatory and outcome-related SCRs as well as
prediction errors best reflected the observed recognition perfor-
mance. As such, its model fit was significantly better compared
with the model that only featured the anticipatory and outcome-
related SCR as independent variables, X2(5) = 15.52, p = .008.
This shows that prediction errors play a role beyond physio-
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Figure 3. Generalized linear mixed-model (GLMM) fit indices for models with different sets of independent
variables to predict the binary recognition of an item in the incidental learning paradigm in Experiment 1 (A)
and Experiment 2 (B). Smaller values indicate a better model fit. Notably, the best-fitting model in both
experiments combines both measures of physiological arousal and prediction errors, suggesting that both
processes contribute to episodic memory formation. Comparisons between models refer to results from

logical arousal in episodic memory formation. On the other
hand, adding the two measures of physiological arousal (i.e.,
anticipatory and outcome-related SCRs) also improved the
model fit compared with a model that only relies on prediction
errors as the single independent variable, x*(9) = 20.63, p =
.014. Thus, both physiological arousal and prediction errors
seem to be important factors in episodic memory formation,
each contributing to improve predictions in a combined model.

One potential alternative explanation for our results could be
that our measurement of arousal through SCRs does not capture
all aspects of physiological arousal. If this was the case, then it
would be possible that prediction errors only seemingly predict
memory formation beyond arousal because they reflect aspects
of arousal that are not fully captured through SCRs. We as-
sumed that such an effect would be particularly strong in the
case of unexpected shocks, which should elicit larger outcome-
related physiological responses. To test whether the putative
contribution of prediction errors to memory formation is mainly
driven by such unexpected shocks, we disregarded all trials in
which participants incorrectly predicted that no shock would
follow; thus, leaving only trials with either correct predictions
or unexpected no shocks. Again, we fitted a GLMM to explain
the binary recognition of an item with prediction errors, antic-
ipatory and outcome-related SCRs as independent variables. In
this model, we found that unexpected no shocks, which include
a prediction error but low outcome-related arousal, were asso-
ciated with an improved recognition on the following day, even
after controlling for both SCR measures, z = 2.00, p = .045,
3 = 0.43. Thus, we find a positive link between prediction
errors and item recognition even after controlling for arousal
and when excluding trials that featured unexpected shocks.

So far, we have shown that prediction errors improved memory
for items encoded shortly before the associated aversive outcome
became apparent or not, resulting in a possible prediction error. In
other words, the effects of prediction errors identified so far have

been retroactive in nature. To investigate whether prediction errors
might also promote memory for unrelated items in the opposite,
proactive direction, we fitted a model with the binary unsigned
prediction error of the previous trial as the sole independent
variable to explain memory for the current item. We found no
effect of prediction errors from the previous trial on the probability
of recognizing the item from the current trial, z = 1.57, p = .12,
B = —0.24. Therefore, memory advantages associated with pre-
diction errors seem to be mainly retroactive and specific to related
items, rather than also proactive and generalizable to unrelated
items.

Finally, we hypothesized that prediction errors might improve
memory independent of the fear conditioning-based memory dif-
ference between CS™ and CS™ items. If this was the case, we
should be able to find memory advantages induced by prediction
errors even within a conditioned stimulus category. Because of
characteristics of our task, prediction errors were rare in CS™ trials
(11%), but much more prevalent in CS™ trials (45%). Therefore,
we fit a model with binary prediction errors as the sole indepen-
dent variable to predict the recognition of an individual item, but
this time only included CS™ trials. Even though the parameter
estimate for prediction errors was only slightly diminished com-
pared with the same model fit on all trials and in the expected
direction, its effect did not reach significance, z = 1.34, p = .18,
B = 0.33. We suspected that this might have been because of
insufficient statistical power, as including only CS™ item removed
half of all trials from this analysis in a generally rather small
sample.

Nonetheless, Experiment 1 overall provided evidence that pre-
diction errors for aversive events were associated with improved
item recognition in a surprise memory test on the following day.
Critically, these effects of prediction errors on episodic memory
could not be fully explained by traditional models based on phys-
iological arousal during encoding.
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Experiment 2

Experiment 2 was designed to replicate and clarify the findings
of Experiment 1. Specifically, in Experiment 1 we observed two
effects of prediction errors at descriptive level that did not reach
statistical significance. First, we hypothesized that prediction er-
rors would improve episodic memory even when controlling for
measures of physiological arousal. Second, we hypothesized that
prediction errors would influence memory even if only CS™ trials
are considered. To ensure an appropriate statistical power to detect
these possible effects, we almost doubled the sample size com-
pared with Experiment 1 while keeping the procedure largely
identical.

Method

Participants. Eighty-four healthy men and women between
18 and 35 years of age (M = 25.23, SD = 4.08) participated on
two consecutive days. Four of these participants were excluded
from analysis because they either did not complete the task or
because of experimenter error. The target sample size was deter-
mined a priori in G*Power 3 to achieve a power of .95 to detect an
effect size obtained for the memory advantage for CS™ compared
with CS™ items observed in Experiment 1 (d. =~ 0.4) using a
two-tailed dependent means 7 test at « = .05. Our decision to
increase the statistical power compared with Experiment 1 was
based on the observation of some statistical trends in the previous
experiment that we aimed to clarify. None of the participants from
Experiment 1 participated in Experiment 2. Again, participants
received a monetary compensation of 20€ for the completion of the
experiment, which was approved by the ethics committee of the
Faculty of Psychology and Human Movement Science at the
University of Hamburg.

Materials. To rule out the possibility that our results in Ex-
periment 1 could be item specific, we used a new set of stimuli in
Experiment 2. These had previously been utilized in a similar
incidental learning procedure (Dunsmoor et al., 2015). Again, the
stimulus set consisted of 180 color pictures of animals and 180
color pictures of tools on white backgrounds. As in Experiment 1,
all stimuli were of neutral valence.

Procedure. The procedure for Study 2 was mostly identical as
in Study 1. We changed the location where the stimulation elec-
trode was placed from the right lower leg to the back of the right
hand near the wrist to make results more comparable with studies
utilizing a similar fear conditioning paradigm (Dunsmoor et al.,
2015). As this area tends to be more sensitive to electrical stimu-
lation, the initial intensity in the procedure to determine the pain
threshold was reduced to 10 V instead of 20 V. We also replaced
the two-step forced-choice decision in the surprise recognition test
with a single-step decision that included both whether participants
regarded the currently presented picture as old or new as well as
participants’ confidence with this decision. Thus, on each trial,
participants performed a single button press on either the ‘1,” 2,
‘3, or ‘4’ key at the upper left of the keyboard, indicating that the
current item was “definitely old,” “maybe old,” “maybe new,” or
“definitely new,” respectively.

Data analysis. The statistical analysis was identical to Exper-
iment 1.

Results and Discussion

Anticipation of the memory test. Overall, participants were
moderately surprised by the recognition test on the second exper-
imental day, as indicated by a mean rating of 2.89 (SD = 1.12) on
a scale from 1 (not surprised at all) to 5 (very surprised). A total
of nine participants answered that they were not surprised at all. As
in Experiment 1, these nine participants were still included in the
following analyses and excluding them did not affect the pattern of
results.

General memory performance. The average hit rate in Ex-
periment 2 was 63.9% (SD = .14) and, therefore, comparable with
Experiment 1. Treating only high-confidence recognitions (i.e.,
correct definitely old responses) as hits reduced the hit rate to
39.3% (SD = .17), considerably lower than in Experiment 1. We
suspected that this difference was because of changes in the
procedure how confidence was assessed in Experiment 2, which,
unlike Experiment 1, did not include a rather sure rating. We
found a similar false alarm rate as in Experiment 1 at 25.2% (SD =
.10). The false alarm rate for items from the CS™ category (M =
.25, SD = .11) was comparable with the false alarm rate for CS™
items (M = .26, SD = .14), t(79) = 0.51, p = .61, d,, = 0.07.

Successful fear conditioning. As in Experiment 1, anticipa-
tory SCRs provided physiological evidence that our procedure was
successful in inducing conditioned fear. More specifically, average
anticipatory SCRs to items from the CS™ category were signifi-
cantly larger than anticipatory SCRs to items from the CS™ cate-
gory, #(79) = 4.32, p < .001, d,, = 0.35. Analogous to Experiment
1, we further divided the task into six consecutive blocks, each
consisting of 10 trials, to identify when participants started to show
first signs of conditioned fear (Figure 2B). Again, in the first 10
trials of the task, participants did not yet show a significantly
increased anticipatory SCRs to CS™ items compared with CS™
items, although a trend was already visible, #(79) = 1.84, p = .07,
d,, = 0.16. In all five remaining blocks representing Trials 11 to
60, we consistently found that anticipatory SCRs were greater for
CS™ items than for CS™ items (all ps < .02). This demonstrates
that conditioned fear emerged relatively fast and lasted over the
whole encoding session. As in Experiment 1, a repeated measures
ANOVA revealed that the anticipatory SCRs depended on both the
condition, F(1, 79) = 19.10, p < .001, n& = .018, as well as the
block, F(5, 395) = 40.10, p < .001, 73 = .105. There was no
significant interaction between condition and block, F(5, 395) =
0.62, p = .68, m& = .0001. At descriptive level, however, we found
that within the first five trials, there was almost no difference in
mean anticipatory SCRs between CS™ items (M = 0.60 wS, SD =
0.33 wS) compared with CS™ items (M = 0.61 pS, SD = 0.28
wS), providing additional evidence that anticipatory responses for
both conditions were initially comparable.

Improved memory for CS* items compared with CS™ items.
As expected, we could replicate the previous finding of improved
recognition for items from the CS™ category. More specifically,
the average hit rate for CS™ items (M = .68, SD = .18) was
significantly higher than for CS™ items (M = .60, SD = .18),
#(79) = 3.53, p < .001, d,, = 0.47.

Prediction errors. On average, participants made incorrect
predictions in 26.0% (SD = .06) of all trials. They learned the
underlying picture-shock contingencies very well, as reflected in
the observation that the average proportion of prediction errors
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decreased as the task progressed, r(58) = —.62, p < .001. As in
Experiment 1, participants made substantially more prediction
errors in trials in which CS™ pictures were displayed (M = .45,
SD = .09) compared with trials that displayed CS™ pictures (M =
.07, SD = .09), «(79) = 29.14, p < .001, d,, = 4.44. Still,
prediction errors were conceptually differentiable from the CS™/
CS™ categories as indicated by only a medium-sized association
between binary prediction error and category membership (CS™
vs. CS™) atitem level, ¢ = .44, p < .001. Again, we assumed that
this significant association mostly reflects that prediction errors
were far more common in CS™ trials. On the other hand, prediction
errors did occur in less than half of all CS™ trials, leaving enough
differential variance to separate these two concepts. As in Exper-
iment 1, we found an only small but significant point-biserial
correlation between prediction errors and the standardized antici-
patory SCR, r(4,858) = .10, p < .001. This was paralleled by a
small to moderate significant point-biserial correlation between
prediction errors and the standardized outcome-related SCR,
r(4,858) = .21, p < .001. Corroborating findings from Experiment
1, this likely reflects how uncertainty and surprise might be con-
nected to both arousal measures and prediction errors. More im-
portant, however, as correlation coefficients were only small, we
expected that effects of these two concepts on episodic memory
formation could be differentiated in a GLMM.

Effects of encoding order on memory performance. To
explore possible effects of the serial position of an item within the
encoding session, we fitted a GLMM with the trial number of each
item as the sole independent variable to explain differences in item
recognition on the following day. As in Experiment 1, this re-
vealed that memory formation was not influenced by the serial
position of an item during encoding, z = 146, p = .14,
B = —0.005.

Modeling recognition at item level. For a more precise anal-
ysis of mechanisms underlying episodic memory formation, we
fitted the same GLMMs as in Experiment 1 to predict the binary
recognition of individual items. We started with the same baseline
model as in Experiment 1 with the standardized anticipatory SCR
as the sole independent variable. As in Experiment 1, this revealed
no significant effect of the anticipatory SCR on recognition per-
formance, z = 1.47, p = .14, B = —0.38. Next, we added the
standardized outcome-related SCR as an additional independent
variable to the model. In this model, surprisingly, we found that
anticipatory SCRs were linked to a decreased chance that an item
would be recognized, z = 2.01, p = .039, 3 = —0.54. We could,
however, replicate the finding from Experiment 1 that the
outcome-related SCR was associated with better item recognition,
z =329, p < .001, B = 1.02.

Fitting a simple model with binary prediction errors as the single
independent variable to predict item recognition, we replicated the
finding from Experiment 1 that prediction errors were linked to
improved recognition performance, z = 4.32, p < .001, B = 0.73.
In a combined model, we added both measures of physiological
arousal (i.e., anticipatory and outcome-related SCR) together with
prediction errors as independent variables. In this model, the
anticipatory SCR was again associated with reduced recognition,
z = 2.75, p = .006, B = —0.72. Congruent with all previous
findings, there was also a positive effect of outcome-related SCRs
on item recognition, z = 2.93, p = .003, 3 = 0.90. Most important,
however, in this combined model, we found a significant positive

effect of prediction errors on recognition even when accounting for
measures of physiological arousal through SCRs, z = 4.19, p <
.001, B = 0.67. This demonstrates that prediction errors influence
item recognition through other mechanisms than the well-known
arousal-based effects.

Next, we compared all previously introduced models using
likelihood ratio test to identify the model that best reflects under-
lying mechanisms of episodic memory formation in Experiment 2
(Figure 3B). The results mimicked the pattern observed in Exper-
iment 1. Again, the model combining physiological arousal mea-
sures (i.e., anticipatory and outcome-related SCRs) with prediction
errors showing the best fit to predict the recognition of individual
items. This combined model fit our recognition data significantly
better than the model that only featured measures of physiological
arousal, x%(5) = 31.79, p < .001, demonstrating that the role of
prediction errors in episodic memory formation goes beyond
arousal. Likewise, the combined model also had a significantly
better fit than the model that only included the prediction error to
explain recognition differences, x*(9) = 46.64, p < .001. In line
with Experiment 1, these findings demonstrate that episodic mem-
ory formation is influenced by both arousal and prediction errors.

As in Experiment 1, we considered the possibility that the
putative positive effect of prediction errors on memory formation
beyond arousal might be because of the way we measure arousal
through SCRs, which might not capture every aspect of physio-
logical arousal. To investigate this possibility, we again excluded
all trials with unexpected shocks, for which we assumed a partic-
ularly pronounced physiological response should follow. Including
only the remaining trials, which featured either correct predictions
or unexpected no shocks, we fit a GLMM with the binary recog-
nition of an item on the following day as the dependent variable
and prediction errors, anticipatory and outcome-related SCRs as
the independent variables. As in Experiment 1, prediction errors
were still associated with an improved item recognition even after
controlling for arousal and excluding all trials with unexpected
shocks, z = 3.97, p < .001, B = 0.90.

The results from Experiment 2 so far provide evidence that
prediction errors retroactively promote memory for related items.
As in Experiment 1, we further investigated whether prediction
errors also affected memory for subsequent unrelated pictures, in
a proactive manner. We fitted a model with the unsigned binary
prediction error in the previous trial as a single independent
variable to explain memory for the current picture. Although not
significant, there was a tendency indicating that prediction errors
might also have a proactive, memory-promoting effect for directly
following pictures, z = 1.88, p = .06, 3 = 0.34.

Like in Experiment 1, prediction errors were rare for items of
the CS™ category (7%), but common for items of the CS™ cate-
gory (45%) because of task characteristics. We hypothesized that,
in this larger sample, we might be able to identify memory im-
provements through prediction errors even when analyzing only
trials from the CS™ category. This finding would be particularly
interesting, as it would indicate that the effects of prediction errors
on memory formation cannot solely be attributed to the increased
number of prediction errors for CS* items. It would, therefore,
point to a general role of prediction errors for aversive events in
memory formation.

To test whether prediction errors may account for variability in
memory for CS™ items, we again fitted a model with the binary
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prediction error as a single independent variable to predict the
recognition of an item, including only items from the CS™ cate-
gory. With the increased sample size in this experiment, we found
a positive effect of prediction errors on the recognition perfor-
mance for CS™ items only, z = 2.95, p = .003, B = 0.58. In other
words, when two pictures were both from the CS™ category, but
for one an incorrect prediction was made, this item was more likely
to be recognized later than the item for which a correct prediction
was made. This finding provides striking evidence that prediction
errors for aversive events generally improve memory formation.

General Discussion

Classic models of emotional memory formation have attributed
the enhanced memory for information linked to aversive events to
increased physiological arousal during encoding (Cahill et al.,
1994; McGaugh, 2018; McGaugh & Roozendaal, 2002). Based on
the assumption that aversive events are often characterized by their
unpredictability (de Berker et al., 2016; Trapp et al., 2018), we
hypothesized that the memory enhancement for stimuli linked to
aversive events might additionally be driven by an element of
surprise (i.e., prediction errors) that has not been accounted for by
purely arousal based models. To test this hypothesis, we exposed
participants to a combined fear conditioning and incidental learn-
ing paradigm that featured partially predictable aversive shocks
while we collected data on both physiological arousal and predic-
tion errors to predict 24 hr delayed memory performance. In line
with the model of arousal enhanced memory formation, we found
that outcome-related arousal predicted, on a trial-by-trial basis,
whether an item was later recognized. Most important, however,
our data show that, in addition to arousal, binary unsigned predic-
tion errors derived from participants’ explicit shock predictions
were associated—on a trial-by-trial basis—with enhanced recog-
nition. In support of the idea that the impact of a prediction error
on memory goes beyond the mere effect of arousal, a model that
included both measures of physiological arousal and the unsigned
prediction error to explain recognition significantly outperformed
models featuring only one of these measures. This pattern of
results was replicated in a second experiment in a larger sample. In
addition, we showed in this second experiment the memory facil-
itating effect of prediction errors when only items from the CS™
category were included; thus, demonstrating the robustness of this
effect and that the facilitating effect of prediction errors on memory
remained stable even after controlling for the influence of arousal.
Together, these findings provide strong evidence that prediction errors
promote, above and beyond physiological arousal, memory formation
for stimuli linked to aversive events.

While our findings point to a new mechanism involved in the
formation of episodic memories for stimuli linked with emotional
events, they provide also further evidence for the well-established
model of arousal-based memory enhancement (McGaugh, 2018).
In particular, SCRs, a common indicator of autonomic arousal,
elicited by the outcome in each trial (i.e., either a shock or no
shock) were linked to enhanced item recognition. Somewhat sur-
prisingly, anticipatory SCRs, reflecting arousal in anticipation of a
possible shock, had either no effect on item recognition (Experi-
ment 1) or were even associated with a decreased recognition
performance (Experiment 2). These divergent findings between
anticipatory SCRs, associated with either no effect (Experiment 1)

or even a negative effect on memory encoding (Experiment 2), and
outcome-related SCRs, linked to enhanced memory formation,
might be explained through different processes underlying these
measures of physiological arousal. Outcome-related SCRs have
been demonstrated to partly reflect surprise (i.e., prediction errors),
while anticipatory SCRs have been associated with concepts such
as uncertainty and fear (de Berker et al., 2016). Therefore, it is
tempting to speculate that fear-related anticipatory arousal during
the encoding might, unlike surprise, act as a distractor and hence
have negative effects on memory formation. However, the nega-
tive effect of anticipatory SCRs on memory formation was not
consistent across our two experiments and, therefore, remains to be
interpreted with caution.

The key finding of our experiments, however, is that the en-
hanced memory for stimuli paired with aversive events is not
exclusively because of the associated physiological arousal, as
measured through SCRs, but also due to a violation of expecta-
tions. These prediction errors facilitated recognition memory in-
dependent from the beneficial effects of arousal. In line with
models of adaptive memory (Anderson & Milson, 1989; Nairne &
Pandeirada, 2008; Nairne et al., 2007; Shohamy & Adcock, 2010)
proposing that memory is essential to guide future behavior, the
impact of prediction errors was inherently retroactive in nature.
Prediction errors enhanced memory for preceding stimuli that were
linked to the incorrect prediction but not for stimuli that followed
the prediction error, suggesting that the prediction error does not
open a “bidirectional” window of enhanced memory formation but
selectively favors memory for preceding events. To explain these
findings, we propose that prediction errors might transiently put
agents into a state of enhanced information processing (Trapp et
al., 2018), which also extends to the recently encoded stimulus that
the prediction error originated from. At the neural level, the
dopaminergic system is a likely candidate to be involved in the
observed effects. Rouhani et al. (2018) explained memory promot-
ing effects of prediction errors in reward learning through dopa-
minergic modulation of the hippocampus. This is plausible be-
cause the coding of reward prediction errors through dopamine is
well established (Schultz & Dickinson, 2000). Which neurotrans-
mitter system is carrying the aversive prediction error, however, is
less clear (Delgado, Li, Schiller, & Phelps, 2008).

Prediction errors may indeed be a driving force that promotes
adaptive memory, allowing the efficient storage selectively of
those memories that are relevant to guide future behavior (Nairne
& Pandeirada, 2008; Nairne et al., 2007; Shohamy & Adcock,
2010). The enhanced storage of information linked to previously
unexpected events, makes especially this information more avail-
able in memory that may help to make more accurate predictions
in the future. In accordance with this assumption, prediction errors
became less frequent as the task progressed. This finding might be
problematic if it was interpreted as an indicator of task disengage-
ment in later trials. However, it is important to note that, even in
later stages of the task, participants’ mean shock expectancy rat-
ings for CS™ items were clearly below 80%. One explanation for
this finding could be that pictures from the CS™ category were not
continuously paired with the UCS (rate of 66%), which likely kept
participants more alert and made task disengagement less likely.

The neural underpinnings of arousal-induced memory changes
are very well documented: emotional events activate [3-adrenergic
receptors in the basolateral amygdala that then modulates the
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consolidation of memories in other areas such as the hippocampus
(Cahill & McGaugh, 1996, 1998; McGaugh, 2018; McGaugh &
Roozendaal, 2002). Neural signatures for aversive prediction er-
rors, on the other hand, have mainly been localized in the striatum
(Li, Schiller, Schoenbaum, Phelps, & Daw, 2011; Robinson,
Frank, Sahakian, & Cools, 2010; Robinson, Overstreet, Charney,
Vytal, & Grillon, 2013; Seymour, Daw, Dayan, Singer, & Dolan,
2007; Seymour et al., 2004). Thus, it appears likely that prediction
errors promote memory for aversive events through a different
neural pathway focusing around the striatum compared with the
amygdala-based effect of arousal.

Although we argue that physiological arousal and prediction
errors exert separable influences on memory, arousal and predic-
tion errors may not necessarily be independent of one another. In
particular, there is first evidence that prediction errors might be
reflected in outcome-related SCRs (Spoormaker et al., 2012; but
see Bach & Friston, 2012) and a recent study suggested that
physiological arousal could be tuned by environmental uncertainty
(de Berker et al., 2016). This evidence points to the intriguing
possibility that arousal is, at least partly, the result of a prediction
error. In line with this observation, we found small, but significant
positive correlations between prediction errors and outcome-
related SCRs in both of our experiments, which might suggest that
outcome-related SCRs were partially driven by prediction errors.
Nevertheless, it is important to note that a combined model of
physiological arousal and prediction errors could explain memory
performance significantly better than models that relied solely on
physiological arousal or prediction errors alone. Furthermore, in
Experiment 2, we showed that prediction errors were associated
with enhanced recognition even after controlling for arousal. These
data suggest that the effects of arousal and prediction error are at
least partly independent of each other.

It should be noted that, although SCRs are commonly used to
measure physiological arousal in studies concerned with both fear
conditioning (Beckers, Krypotos, Boddez, Effting, & Kindt, 2013;
Dengerink & Taylor, 1971; Epstein & Clarke, 1970) and stress
(Fowles, Roberts, & Nagel, 1977; Jacobs et al., 1994; Lazarus,
Speisman, & Mordkoff, 1963), there might be certain components
of arousal responses that are not fully captured by SCRs. This is
demonstrated by the finding that different indices of physiological
arousal do not always correlate (Neiss, 1988). SCRs have also
been found to measure concepts beyond physiological arousal,
such as the anticipation of cognitive demand (Botvinick & Rosen,
2009). Therefore, it is possible that prediction errors enhance
memory through an aspect of physiological arousal that cannot
be measured through SCRs. Similarly, it is possible that SCRs
were linked to an improved memory formation not exclusively
because of arousal, but also because of other factors that they
measure, such as cognitive demand. Future research should ad-
dress this limitation by using a wider array of arousal measures
such as pupil diameter and subjective stress ratings. One consistent
finding across both experiments, however, was that prediction
errors were associated with an improved item recognition beyond
arousal as measured through SCRs, even if we excluded any trials
featuring unexpected shocks. As we assumed greater physiological
arousal for unexpected shocks compared with unexpected shock
omissions, this finding could be interpreted as evidence against the
possibility that our results were biased by an imperfect arousal
measurement through SCRs.

KALBE AND SCHWABE

While numerous studies have demonstrated predictive coding in
a variety of cognitive domains (Feldman & Friston, 2010; Holler-
man & Schultz, 1998; Hosoya et al., 2005; Maia, 2009; Rangel,
Camerer, & Montague, 2008; Rao & Ballard, 1999; Smith &
Lewicki, 2006; Spratling, 2008), prediction errors were related to
the formation of human long-term memory only very recently.

Two recent studies showed that surprise during reward learning
may promote episodic memory formation (Jang et al., 2018; Rou-
hani et al., 2018). Our findings are generally in line with these
studies but extend them significantly. We demonstrate for the first
time that prediction errors are critical in memory formation related
to aversive events and that this impact of prediction errors goes
beyond the effect of physiological arousal, which is at the heart of
traditional models on emotional memory formation. While it can-
not be ruled out that, in the context of these prior studies, some
participants perceived receiving a smaller than expected monetary
reward as aversive, outcomes were always positive, meaning they
never had to fear losing any money. Our study, on the other hand,
used aversive electric shocks, which have been extensively used to
induce conditioned fear in experimental contexts as a model for
psychopathology.

It is also important to note conceptual differences between our
findings and classic learning models that rely on prediction errors,
such as the Rescorla-Wagner model (Rescorla & Wagner, 1972).
In the Rescorla-Wagner model, each stimulus is typically pre-
sented several times and the associative strength between UCS and
CS is updated after each episode through a weighted prediction
error. In other words, the prediction error facilitates learning to a
stimulus that is presented repeatedly. We, on the other hand, show
here that the prediction error promotes episodic memory for an
individual stimulus that is presented only once during encoding.

Demonstrating the relevance of prediction errors in memory
formation related to aversive events is particularly relevant be-
cause episodic memories for aversive events play a key role in
several psychopathologies, including phobia or posttraumatic
stress disorder (de Quervain et al., 2017; Dunsmoor & Paz, 2015;
Pitman, 1989).

In summary, we show here that superior memory for informa-
tion paired with aversive events is, at least partly, driven by
prediction errors. While classical models of emotional memory
formation focused largely on emotional arousal, the present find-
ings point to a cognitive mechanism that contributes to memory
formation related to aversive events. Taking this cognitive side of
emotional memory formation into account may enhance our un-
derstanding of adaptive emotional memory and might ultimately
have relevant implications for treating psychopathologies that are
characterized by aberrant memory for emotional events.
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