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Abstract

The ability to associate neutral stimuli with motivationally relevant outcomes is an important survival strategy. In this study,
we used event-related potentials (ERPs) to investigate brain dynamics of associative emotional learning when participants
were confronted with multiple heterogeneous information. Participants viewed 144 different objects in the context of 144 dif-
ferent emotional and neutral background scenes. During each trial, neutral objects were shown in isolation and then paired
with the background scene. All pairings were presented twice to compare ERPs in response to neutral objects before and
after single association. After single pairing, neutral objects previously encoded in the context of emotional scenes evoked a
larger P100 over occipital electrodes compared to objects that were previously paired with neutral scenes. Likewise, larger
late positive potentials (LPPs) were observed over parieto-occipital electrodes (450–750 ms) for objects previously associated
with emotional relative to neutral contexts. The LPP – but not P100 – enhancement was also related to subjective object/
context binding. Taken together, our ERP data provide evidence for fast emotional associative learning, as reflected by
heightened perceptual and sustained elaborative processing for neutral information previously encountered in emotional con-
texts. These findings could assist in understanding binding mechanisms in stress and anxiety, as well as in addiction and
eating-related disorders.

Introduction

One important survival strategy is to perceive fluctuating changes
that occur in contiguous environments in order to readjust the
momentary motivational relevance of incoming information. This
ability allows developing flexible and adaptive responses based on
the history of contingencies encountered by the individual (Miskovic
& Keil, 2012). In this sense, it has been observed that a previously
neutral stimulus (conditioned stimulus; CS+) continuously associated
with an aversive event (unconditioned stimulus; UCS) acquires
motivational relevance, compared to a neutral stimulus (CS�)
unpaired with a UCS or associated with a non-emotional UCS, a
process called associative learning. Traditionally, a large number of
pairings between few and/or simple CS+ and a strongly aversive

UCS have been used in learning paradigms to generate strong asso-
ciations (Lissek et al., 2006). However, rather than single, unam-
biguous and/or isolated CS/UCS pairings, we are constantly
confronted with multiple different events that imply associations
between neutral and moderately relevant stimuli. Thus, the use of
paradigms involving ‘weak’ ambiguous situations (e.g. less salient
UCS, multiple complex pairings and/or few contingencies CS/UCS)
would provide a better understanding of the underpinnings of asso-
ciative learning (Lissek et al., 2006; Beckers et al., 2013; Steinberg
et al., 2013b; Hur et al., in press). In the present study, we investi-
gated the role of UCS heterogeneity on the formation of associations
using electrophysiological correlates of associative learning for mul-
tiple neutral events paired with multiple emotional contingencies
(emotional scenes).
Recent studies from Jungh€ofer and colleagues (e.g. Pastor et al.,

2015; see Steinberg et al., 2013b, for review) used the so-called
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MultiCS conditioning, in which multiple CSs+ (e.g. pictures of dif-
ferent faces) were associated with emotionally relevant UCSs (e.g.
aversive and appetitive sounds, electric shocks), while other CSs�
remained unpaired or were associated with neutral events. Brain
activation was measured using electro- and magnetoencephalography
(EEG, MEG) during these conditioning procedures. After multiple
pairings, CSs+ compared to CSs� evoked enhanced neural activity
at prefrontal and sensory cortical regions during earlier (< 300 ms;
Br€ockelmann et al., 2011; Steinberg et al., 2012, 2013a; Rehbein
et al., 2014, 2015) and later stages of processing (> 300 ms; Pastor
et al., 2015), irrespective of contingency awareness. These results
suggest the existence of a rather automatic learning mechanism that
rapidly transfers the emotional properties of the UCS to CSs, lead-
ing to a facilitated perceptual and a more elaborated processing of
the CS+.
Nevertheless, these studies have only used highly salient UCS.

Therefore, it is unclear whether such associative learning processes
also occur in the presence of less intense emotional events – i.e.,
reproducing daily interactions – or whether the formation of associa-
tions is exclusively facilitated in survival-specific contexts (€Ohman
& Mineka, 2001). It is also unclear whether the acquired motiva-
tional significance leading to neural response enhancement for emo-
tion-associated stimuli occurs rapidly after one single pairing (e.g.
Morel et al., 2012; Rehbein et al., 2014), or whether more than one
repetition is needed to form such associations (e.g. Steinberg et al.,
2012). While most of the electrophysiological conditioning studies
have used aversive cues as UCS (see Miskovic & Keil, 2012, for
review), it has recently been observed that pleasant information can
also serve as effective, intrinsically motivating UCSs (Schacht et al.,
2012; Steinberg et al., 2013a; Blechert et al., 2016; see Martin-
Soelch et al., 2007, for neuroimaging findings). Both aversive and
appetitive conditioning processes likely not only contribute to vari-
ous disorders, such as trauma- and stress-related disorders, but also
to substance abuse and eating-related disorders (e.g. Martin-Soelch
et al., 2007; Pape & Pare, 2010). Thus, more evidence regarding the
effect of valence on associative conditioning is needed.
In the present study, we therefore investigated brain dynamics of

associative emotional learning when participants viewed neutral
objects in the context of different emotionally arousing (both

pleasant and unpleasant) and neutral background scenes. Object and
scene presentation occurred always in the same order; first objects
were presented in isolation (CS) and then a picture scene was added
as background (see Fig. 1). Pairings were presented in two consecu-
tive blocks, allowing to compare the processing of CS+ objects –
paired with emotional scenes – and CS� objects – paired with neu-
tral scenes, before (first block) and after single pairing (second
block). Based on previous EEG and MEG conditioning studies (see
Miskovic & Keil, 2012, for review), we predicted enhanced process-
ing of neutral cues previously paired with emotional contexts, irre-
spective of valence, relative to cues previously paired with neutral
contexts at different stages of processing. Because both perceptual
and sustained elaborative processing have been found to be
enhanced for stimuli associated with CS+, we predicted enhanced
positivity for the CS+ compared with the CS� at (a) earlier (P100)
and (b) later stages of processing [late positive potential (LPP)].

Materials and methods

Participants

Thirty-one students (27 women, 4 men; mean age = 22.7 years;
three left-handed) from the University of Greifswald participated in
the study for course credits or financial compensation. All partici-
pants had normal or corrected-to-normal vision, and provided writ-
ten informed consent for a protocol approved by the Review Board
of the German Psychological Society (DGPs). Data from six partici-
pants were excluded due to software problems (one participant) or
excessive artifacts in the EEG data (five participants).

Stimulus materials

Overall, 288 neutral objects (CSs) together with 96 emotionally
arousing (UCSs) and 48 neutral background scenes were used as
stimulus material. Neutral objects were selected from the following
two different standardized sets: The Bank of Standardized Stimuli
(BOSS); Brodeur et al., 2010 and the ecological adaptation of Snod-
grass and Vanderwart (Moreno-Mart�ınez & Montoro, 2012). In
order to assure variability between multiple CSs, objects were

Fig. 1. Schematic view of the stimulus presentation during the first and the second associative learning blocks. When an object was seen during the first block,
the object/background association has not yet taken place, and when the object was seen in the second block, object and background scene have been associated
once. [Correction added on 19 Aug 2016, after original online publication: Figure 1 has been corrected.]

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 44, 2176–2183

When neutral turns significant 2177



selected to belong to different semantic categories (e.g. office sup-
plies, electronics, household objects). Objects were grouped in six
different sets of 48 items each, carefully matched in terms of seman-
tic category, familiarity, object agreement and manipulability accord-
ing to the normative ratings of the standard samples (see BOSS and
ecological adaptation of Snodgrass and Vanderwart norms). Each
participant viewed three (out of six) different sets, consisting of a
total of 144 neutral objects. Half of the neutral objects (144) were
used in a recognition memory task that occurred 1 week later (pub-
lished elsewhere, see Ventura-Bort et al., 2016). One hundred and
forty-four background scenes – 48 pleasant, 48 neutral and 48
unpleasant – were selected from the International Affective Pic-
ture System (IAPS; Lang et al., 2008) as UCS. To ensure the
heterogeneity between the UCSs, the pictures were carefully selected
to include different contents. Specifically, the pleasant category com-
prised pictures of erotica, adventure and nurturance contents; the
neutral category contained pictures of buildings, landscapes and neu-
tral human faces and the unpleasant category included pictures
showing mutilation, attack and disgust/accident. Mean (SD) valence
and arousal ratings were 6.94 (0.63) and 5.84 (0.77) for pleasant,
5.27 (0.82) and 3.51 (0.57) for neutral and 2.73 (0.85) and 5.93
(0.57) for unpleasant pictures. Pleasant and unpleasant pictures did
not differ in emotional arousal (F < 1). All pictures were matched
for complexity, brightness and contrast (all Ps > 0.23). Object sets
were counterbalanced across participants, so that each set was paired
with each emotional picture category equally often.

Procedure

The experiment took place in a sound-attenuated, dimly lit room.
After electrodes were attached, participants were seated in a reclin-
ing chair and were instructed to avoid eye blinks and body move-
ments during event-related potential (ERP) measurement. The
session consisted of two blocks in which 144 different neutral CS
objects were presented superimposed on 144 different background
scenes. Each CS was first presented alone for 3000 ms in one of the
four quadrants of a blank screen. The four positions of the CS were
selected randomly and with the same probability for each back-
ground scene category. Then, while the CS remained on the screen,
the UCS was added as background. Each CS/UCS pairing was pre-
sented for 5000 ms. Inter-trial intervals (ITIs) were 3000, 3500 or
4000 ms. One of the 48 objects set (CS+) was paired with unplea-
sant UCSs, one set (CS+) with pleasant UCSs, and one set (CS�)
with neutral scenes (i.e., no motivationally relevant UCSs were pre-
sented). Sets were counterbalanced across participants. To facilitate
CS/UCS associative binding, participants were instructed to imagine
that the object was a part of the scene and to indicate after CS/UCS
offset whether the imagination was successful or not by pressing a
‘yes’ or a ‘no’ button on a response pad (see Fig. 1). Finally, all 96
CS/UCS pairings and all 48 CSs and UCSs/neutral pairs were pre-
sented in a first block and, after 1 min break, the same 144 CSs and
UCSs/neutral scenes were repeated in a second block, but in a dif-
ferent randomized order.

Apparatus and data analysis

Electroencephalography signals were recorded continuously from 257
electrodes using an Electrical Geodesics (EGI) HydroCel high-density
EEG system with NETSTATION software (4.3.1) and a NA 300 amplifier
on a Macintosh computer. The EEG recording was digitized at a rate
of 250 Hz, using vertex sensor (Cz) as recording reference. Scalp
impedance for each sensor was kept below 30 kΩ, as recommended

by the manufacturer guidelines. All channels were band-pass filtered
online from 0.1 to 100 Hz. Offline reduction was performed using
Electro-Magnetic-EncephaloGraphy Software (EMEGS; Peyk et al.,
2011) and included low-pass filtering at 40 Hz, artifact detection, sen-
sor interpolation, baseline correction and conversion to the average
reference (Jungh€ofer et al., 2000). Stimulus-synchronized epochs
were extracted from 100 ms prior to 1200 ms after onset of the object
and baseline corrected (100 ms prior to stimulus onset). Each
extracted epoch was corrected for eye movement and blink artifacts
using the MATLAB-based toolbox BIOSIG (Vidaurre et al., 2011).
For each participant, separated ERP averages were computed for

each sensor and condition. Based on previous research (Pizzagalli
et al., 2003; Liu et al., 2012b; Schacht et al., 2012; Pastor et al.,
2015), two ERP components were analyzed: the P100 component,
as an index of early perceptual processing (Pizzagalli et al., 2003;
Liu et al., 2012b; Schacht et al., 2012), and the LPP, considered as
an index of motivationally driven, sustained attentional processing
(Schupp et al., 2000; Pizzagalli et al., 2003; Heim & Keil, 2006;
Ferrari et al., 2008; Bradley, 2009; Pastor et al., 2015). For the
P100, ERP mean amplitudes were averaged over lateral occipital
brain regions that encompassed the EGI sensors 95, 96, 104, 105,
106, 107, 113, 114, 115, 122 (left) and 159, 160, 167, 168, 169,
170, 176, 177, 178, 189 (right; see Fig. 2A, inset). To determine the
time window, we identified the maximum P1 peak latency (162 ms)
based on the overall grand average across conditions and defined a
symmetrical time epoch from 140 to 184 ms for subsequent analysis
(see Appendix 1). For the LPP, mean ERP amplitudes were ana-
lyzed over a cluster of parieto-occipital sensors (EGI sensors: 85,
86, 87, 88, 89, 96, 97, 98, 99, 100, 101, 106, 107, 108, 109, 110,
118, 119, 127, 128, 129, 130, 140, 141, 142, 151, 152, 153, 160,
161, 162, 169, 170 and 171; see Fig. 3A, inset). Due to the diffi-
culty to extract a maximum peak for the LPP (Schupp et al., 2000),
a 450–750 ms time window was selected for the LPP based on pre-
vious literature and visual inspection of the waveforms.
To investigate the emotion’s role in subjective object/context bind-

ing, we also compared responses rates of successful object/context
imaginations. Response rates were analyzed using a repeated measures
ANOVA including the within-subjects factors Block (first block vs. sec-
ond block) and Category (pleasant vs. neutral vs. unpleasant).
To determine associative learning, we compared ERPs in

response to CS objects in the first block, relative to ERP responses
to CS objects in the second block. Therefore, mean ERP data were
analyzed using a repeated measures ANOVA including the within-
subjects factors Block (first block vs. second block) and Category
(pleasant vs. neutral vs. unpleasant). If no significant Block 9 Cate-
gory interaction was observed, additional exploratory analyses were
performed collapsing both emotional picture categories together into
one emotional category. Then, a repeated measures ANOVA was con-
ducted including the within-subjects factors Block and Emotion
(neutral vs. emotional). The factor Laterality (left vs. right) was
added as a further within-subjects factor for the P100 component.
Finally, a correlation analysis was performed to determine possi-

ble relations between ERP and behavioral data. Therefore, subjective
object/context imagination (CS/UCS; CS/neutral scene) was corre-
lated with the mean amplitudes of the P100 and LPP.

Results

Behavioral data

Analyses revealed a main effect of Block (F1,24 = 4.29, P = 0.049,
gP

2 = 0.15) and Category (F2,48 = 16.46, P < 0.0001, gP
2 = 0.4),
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but there was no Block 9 Category interaction (F2,48 = 1.12,
P = 33, gP

2 = 0.04). Post hoc comparisons revealed that subjective
object/context imagination was less successful in aversive CS+
(mean = 0.74) compared to appetitive CS+ (mean = 0.86),
t(24) = 5.79, P < 0.0001, d = 1.15, and CS� (mean = 0.88),
t(24) = 5.12, P < 0.0001, d = 1.02. No differences were observed
between appetitive CS+ and CS�, t(24) = 1.37, P < 0.18, d = 0.27.

ERP data

P100 (140–184 ms)

Figure 2A illustrates grand-averaged ERPs collapsed across the
occipital cluster for objects paired with emotional backgrounds (CS+
objects) and objects paired with neutral backgrounds (CS� objects)
during the first and the second blocks.
A main effect of Block (F1,24 = 5.71, P = 0.03, gP

2 = 0.19) and
Category were observed, F2,48 = 5.35, P = 0.008, gP

2 = 0.19.
Although the interaction Block 9 Category did not reach signifi-
cance (F2,48 = 1.99, P = 0.15, gP

2 = 0.08), a significant quadratic
trend was observed (F1,24 = 4.59, P = 0.043, gP

2 = 0.16), suggest-
ing that the activity for appetitive and aversive CS+ increased in the
second block compared to CS� objects. Neither a main effect of
Laterality (F < 1, P > 0.36) nor other interaction effects were found
(Fs < 1, Ps > 0.42). Post hoc comparisons revealed that both CS+
objects, relative to CS� objects prompted a larger P100 in the sec-
ond block (objects paired with pleasant scenes vs. objects paired
with neutral scenes, t(24) = 3.04, P = 0.006, d = 0.61; objects
paired with unpleasant scenes vs. objects paired with neutral scenes,
t(24) = 3.31, P = 0.003, d = 0.66; see Fig. 2B), but not in the first
block (ts < 1, Ps > 0.45). No differences were observed between
the appetitive and aversive CS+ objects during the second block
(t < 1, P > 0.61).

When pleasant and unpleasant objects were collapsed into an
Emotional category, statistical analyses showed a main effect of
Emotion, indicating a larger P100 for those objects associated with
emotional background scenes (CS+) compared to objects paired with
neutral scenes (CS�; Emotion: F1,24 = 8.16, P = 0.009,
gP

2 = 0.25). Critically for demonstrating an associative learning
process, this effect was driven by CS+/CS� differences during the
second block, supported by an interaction between Block and Emo-
tion (F1,24 = 4.58, P = 0.043, gP

2 = 0.16). Neither the main effect
of Block (F1,24 = 2.47, P = 0.13, gP

2 = 0.1) nor Laterality (F < 1,
P > 0.5) reached significance. No other interaction effects were
found (Fs < 1, Ps > 0.44). Follow-up comparisons confirmed that
CS+ items prompted a larger positivity in the second compared to
the first block (t[24] = 3.04, P = 0.006, d = 0.61). Moreover, CS+
objects presented in the second block also elicited an enhanced
P100 in comparison to CS� objects presented in the first
(t[24] = 2.95, P = 0.007, d = 0.6), and in the second block
(t[24] = 3.77, P = 0.001, d = 0.75; see Fig. 2C). No ERP
differences were found between blocks for CS� objects, or between
CS� and CS+ objects during the first block (ts < 1, Ps > 0.34).
In sum, we found that single pairing of neutral information with

emotional experience modulates subsequent early visual processing
when encountering this stimulus again.

LPP (450–750 ms)

Figure 3A illustrates grand average ERPs extracted from parieto-
occipital regions for CS+ and CS� objects during the first and the
second blocks.
Analyses showed a main effect of Block (F1,24 = 7.92, P = 0.01,

gP
2 = 0.25) and Category (F2,48 = 4.88, P = 0.02, gP

2 = 0.18).
Moreover, the interaction Block 9 Category approached

Fig. 2. Objects encoded in emotional contexts modulate early visual processing (P100). (A) Grand average ERPs prompted by CS+ objects (black lines) and
CS� objects (gray lines) presented during the first (dotted lines) and the second block (thick lines). ERPs were averaged across channels within an occipital
cluster (see inset). (B) Mean (SE) ERPs collapsed across lateralized clusters during the 140–184 ms for CS+ objects previously paired with pleasant images (P),
CS� objects paired with neutral images (N) and CS+ objects associated with unpleasant images (U). (C) Display of the scalp topographies for the ERP differ-
ences during the 140–184 ms time window between first and second blocks for CS+ (left) and CS� (middle) objects, and between CS+ and CS� objects dur-
ing the second block (right).
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significance, F2,48 = 2.51, P = 0.09, gP
2 = 0.1, showing a signifi-

cant quadratic trend (F1,24 = 4.74, P = 0.039, gP
2 = 0.17) that sug-

gests that the activity for appetitive and aversive CS+ objects
increased in the second block compared to CS� objects. Post hoc
comparisons showed that both objects bound with pleasant and
unpleasant relative to neutral background scenes elicited an
enhanced LPP after the first pairing (objects paired with pleasant
scenes vs. objects paired with neutral scenes, t[24] = 2.51,
P = 0.02, d = 0.5; objects paired with unpleasant scenes vs. objects
paired with neutral scenes, t[24] = 3.31, P = 0.003, d = 0.66; see
Fig. 3B), but not before the pairing (ts < 1, Ps > 0.45). No differ-
ences were observed between objects associated with unpleasant and
pleasant scenes during the second block, t(24) = 1.27, P = 0.23,
d = 0.25.
After collapsing pleasant and unpleasant CS+ into an Emotional

category, a trend main effect for the factor Block (F1,24 = 3.73,
P = 0.07, gP

2 = 0.13), and a main effect of the factor Emotion
(F1,24 = 7.96, P = 0.009, gP

2 = 0.25) were observed. As for the
P100, larger ERP positivity was present for CS+, compared to CS�
after single pairing with UCS as indicated by the Block 9 Emotion
interaction (F1,24 = 4.74, P = 0.04, gP

2 = 0.17). Single comparisons
revealed that CS+ items evoked a significantly larger ERP activity
in the second compared to the first block, t(24) = 3.75, P = 0.001,
d = 0.75. Larger ERP positivity was also observed for CS+ relative
to CS� objects during both the first, t(24) = 3.35, P = 0.003,
d = 0.66, and the second block, t(24) = 3.36, P = 0.007, d = 0.67
(see Fig. 3C). No differences were found between CS+ and CS�
objects during the first block, or between the first and the second
blocks for CS� objects (ts < 1, Ps > 0.69).
To summarize, neutral information from emotional, but not neu-

tral, contexts prompt elaborative processing as indicated by
enhanced late positive potentials.

Correlation between subjective object/context association (CS/UCS)
and ERPs

Correlational analyses showed a positive relation between successful
object/context imagination rates during the first block and LPP
activity during the second block for both objects bound with neutral
(rs = 0.42, P = 0.04) and emotional (rs = 0.64, P = 0.0005) con-
texts. Furthermore, a significant correlation between LPP amplitudes
for objects bound with emotional contexts and successful object/con-
text imagination rates in the second block was found (rs = 0.42,
P = 0.03). This relation was not found for objects paired with neu-
tral backgrounds (rs = 0.07, P = 0.71). No significant correlations
were found between behavioral performance and P100 amplitudes
(rs < 0.24, P < 24).
In sum, successful subjective object/context binding was related

to larger LPP – but not P100 – amplitudes. LPP amplitudes were
associated with better subjective object/context association when the
context was emotional.

Discussion

In the present study, brain potentials were used to investigate neural
processing when multiple neutral objects were associated with either
emotional or neutral background scenes. Our results showed that,
(a) after a single pairing with an emotional event, neutral CS+
objects compared to objects paired with neutral events (CS�)
evoked an enhanced positivity (P100) at occipital regions in the
140–184 ms time window. These differences in ERP positivity can
be interpreted as a result of an associative learning process because
they were not present prior to the initial pairing (first block). Like-
wise, (b) objects paired with emotionally arousing scenes, compared
to objects paired with neutral scenes, elicited a larger LPP at

Fig. 3. Objects from emotional contexts prompt larger late positive potentials (LPPs) indicating motivational relevance. (A) Grand average ERPs prompted by
CS+ objects (black lines) and CS� Objects (gray lines) presented during the first (dotted lines) and the second block (thick lines). ERPs were averaged across
channels within a parieto-occipital cluster (see inset). (B) Mean (SE) ERPs collapsed across electrodes during the 450–750 ms for CS+ objects from pleasant
contexts (P), CS� objects from neutral contexts (N) and CS+ objects from unpleasant contexts (U). (C) Display of the scalp topographies for the ERP differ-
ences during the 450–750 ms time window between first and second blocks for CS+ (left) and CS� (middle) objects, and between CS+ and CS� objects dur-
ing the second block (right).
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parieto-occipital electrodes between 450 and 750 ms after stimulus
onset. The LPP enhancement was also related to better subjective
context/item binding. Our data provide evidence for rapid item/con-
text learning (i.e. after one pairing), as reflected by enhanced percep-
tual and sustained elaborated processing for items from emotional
contexts.
The P100 component is assumed to indicate amplification of sen-

sory visual information, reflecting perceptual processing in the
extrastriate visual cortex (Clark et al., 1995; Di Russo et al., 2002).
Some studies have observed enhanced P100 amplitudes for emo-
tional compared to neutral visual stimuli (e.g. Carreti�e et al., 2004;
Pourtois et al., 2005; Rellecke et al., 2011), suggesting that percep-
tual attentional resources may be allocated toward emotionally,
arousing events, via amygdala projections (Rotshtein et al., 2010).
Learning studies also showed that conditioned visual stimuli associ-
ated with positive (Schacht et al., 2012) or negative UCS evoke
more pronounced P100 ERP (Pizzagalli et al., 2003; Fritsch &
Kuchinke, 2013) and electromagnetic field activation (Dolan et al.,
2006; Steinberg et al., 2012, 2013a), reflecting activity in visual-
related areas (Pizzagalli et al., 2003; Dolan et al., 2006). Enhanced
perceptual activation for emotionally conditioned events has been
attributed to the learning history of the individual that tunes the
sensitivity of sensory neural populations to specific emotional fea-
tures by means of re-shaping the processing of incoming sensory
information (Miskovic & Keil, 2012; Steinberg et al., 2013b). Some
studies suggest that the short-term neural reorganization in sensory-
related regions occurs after several associations (Stolarova et al.,
2006; Keil et al., 2007; Hintze et al., 2014). Recent research using
MultiCS paradigms, however, found that CS+ could also produce
changes in visual- and auditory-related areas in a very fast fashion
– i.e. after few or single associations (Br€ockelmann et al., 2011;
Steinberg et al., 2012; Rehbein et al., 2014). This study extends
these findings showing that one single association between neutral
objects and relatively weak UCSs (images) is enough to readjust
the visual processing of relevant information based on a rapid
update of its motivational value, evoking enhanced P100 amplitudes
in response to neutral cues bound to or associated with emotional
contexts.
In addition, CS+ objects also evoked a larger positive-going

waveform over parieto-occipital electrodes between 450 and
750 ms, relative to the CS� objects. This later component corre-
sponds to the LPP and extends previous findings using aversive
(Pizzagalli et al., 2003) and appetitive UCSs (Schacht et al., 2012;
Blechert et al., 2016), and multiple CS/UCS pairings (Pastor et al.,
2015). Enhanced LPP during encoding of motivationally significant
– appetitive and aversive – stimuli is a hallmark finding in affective
neuroscience (Cuthbert et al., 2000; Schupp et al., 2000; Foti et al.,
2009). In the current study, we found similar ERP positivity for
neutral objects paired with emotional scenes as consistently found
for emotional images (see Appendix 2). While enhanced LPPs to
emotional scenes have been reliably found over central-parietal areas
(Cuthbert et al., 2000), which may represent aggregated activity
from ventral, dorsal and occipital visual cortex (e.g. Sabatinelli
et al., 2013), the current study showed a more posterior distribution
of the enhanced LPP, which is likely due to the involvement of
occipitotemporal regions in contextual object-processing (Bar,
2004). Because LPPs are related to initial orienting, sustained per-
ceptual processing, and motivated actions (Bradley, 2009; Lang &
Bradley, 2010), our data suggest that objects associated with both
appetitive and aversive scenes received sustained elaborated process-
ing due to the acquired motivational relevance.

In a recent study, Mueller & Pizzagalli (2016) demonstrated that
rapid perceptual enhancement for fear-conditioned events could
occur when conditioning acquisition took place in a remote past.
These authors observed that CS+ faces produced enhanced early
ERP activity 1 year after the CS/UCS association, suggesting that
associative learning processes can produce long-lasting changes,
even when participants were fully unaware of the CS/UCS contin-
gency. In another study, Dolcos & Cabeza (2002) observed that
enhanced elaborated processing during encoding, as indexed by
LPP amplitude, predicted better long-term memory performance for
emotional information. Consistent with this, we have recently
observed that objects paired with emotional, relative to neutral
contexts, elicited enhanced electrophysiological correlates impli-
cated in mnemonic retrieval processing (Ventura-Bort et al., 2016).
The present study, thus, indicate that faster enhanced perceptual
and elaborative processes of neutral information bound to emo-
tional compared to neutral contexts might also promote memory
storage (Dolcos & Cabeza, 2002; Weymar et al., 2012; Ventura-
Bort et al., 2016).
Human brain imaging studies (Vuilleumier et al., 2004; Vuilleu-

mier & Driver, 2007; Wendt et al., 2011) have observed that the
amygdala plays an important role in the processing of stimulus sal-
ience (e.g. Adolphs, 2010; Weymar & Schwabe, 2016). Moreover,
there are strong associations between high cortical areas and the
amygdala (e.g. Sabatinelli et al., 2005, 2014; Liu et al., 2012a),
suggesting that the affective evaluation of visual stimulation results
from re-entrant projections between subcortical and cortical brain
regions (Vuilleumier, 2005; Pessoa & Adolphs, 2010). It has been
proposed that the amygdala is responsible of identifying the condi-
tioned stimuli as emotionally relevant and providing ongoing feed-
back to higher cortical brain regions such as inferotemporal,
occipital and prefrontal cortex (Keil et al., 2009; Sabatinelli et al.,
2009, 2014; Liu et al., 2012a) that give rise to a cascade of percep-
tual, attentional and action preparation processes (Lang & Bradley,
2010). Substantiating this view, using simultaneous EEG-fMRI
recording, Liu and colleagues (2012a) demonstrated that the amyg-
dala activity modulates the LPP amplitude for emotional stimuli. In
the present study, we observed that the encoding of conditioned
stimuli was modulated after one pairing with an emotional back-
ground scene, which can be mediated by such re-entrant influences
from the amygdala.
Taken together, the present findings provide evidence for fast

emotional learning when emotional contexts and neutral cues are
present. Neutral objects paired with emotional relative to neutral
scenes rapidly acquired motivational relevance, engaging height-
ened perceptual and attentional processes, as indexed by enhanced
P100 and LPP amplitudes. On the one hand, the ability to rapidly
processing changes for stimuli that signal motivationally signifi-
cant events may facilitate the detection of relevant information,
and the execution of fast motivational responses (Lang et al.,
1997), when encountered in the future. On the other hand, how-
ever, such cues might also become maladaptive when bound to
traumatic memories, by their ability not only to grab attention but
also to activate the traumatic memory including exaggerated fear
responses. In the same vein, appetitive cues linked to addiction-
and food-related contexts are able to prompt impulsive consuming
behaviors.
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