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Emotion can in uence various cognitive processes, howeveiits impact on memory

has been traditionally studied over relatively short retéion periods and in line with

dimensional models of affect. The present study aimed to irestigate emotional effects
on long-term recognition memory according to a combined franework of affective

dimensions and basic emotions. Images selected from the Neski Affective Picture

System were rated on the scale of affective dimensions and lsc emotions. After

6 months, subjects took part in a surprise recognition test dring an fMRI session.
The more negative the pictures the better they were remembed, but also the more

false recognitions they provoked. Similar effects were faud for the arousal dimension.

Recognition success was greater for pictures with lower imnsity of happiness

and with higher intensity of surprise, sadness, fear, and sgigust. Consecutive fMRI

analyses showed a signi cant activation for remembered (l@gnized) vs. forgotten (not
recognized) images in anterior cingulate and bilateral agrtior insula as well as in bilateral
caudate nuclei and right thalamus. Further, arousal was foud to be the only subjective

rating signi cantly modulating brain activation. Higher gbjective arousal evoked higher
activation associated with memory recognition in the rightaudate and the left cingulate

gyrus. Notably, no signi cant modulation was observed for ¢her subjective ratings,

including basic emotion intensities. These results emphéze the crucial role of arousal for
long-term recognition memory and support the hypothesis tat the memorized material,

over time, becomes stored in a distributed cortical networkincluding the core salience
network and basal ganglia.

Keywords: long-term memory, basic emotions, affective dimensio
Picture System

ns, fMRI, affective pictures, Nencki Affective

INTRODUCTION

Each day we are exposed to a plethora of complex visual scenevemis,e/et only a minute
portion of these can be successfully retrieved from memosr affong time. Various studies have
demonstrated that emotionally arousing incidents and stiirare much better remembered than
those without emotional relevance (skeEGaugh, 2004; Holland and Kensinger, 2013; Dolcos
and Denkova, 201for a review). Importantly, these general ndings have beeplicated using
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various methodological approaches and experimental maserial2016a,pemploy ratings in line with both models. Thus, together
mainly pictures and words (e.Bradley et al., 1992; Cahill and dimensional and categorical models of a ect should be employe
McGaugh, 1995; Ochsner, 2000; Kensinger and Corkin, 200i&; the studies in order to understand the impact of emotion of
Dolcos et al., 2004 Recent psychological and neuroscienti c cognitive processed/(kels et al., 2005; Stevenson et al., 2007;
studies have also demonstrated that emotion in uences my o Stevenson and James, 2008; Briesemeister et al), 2011
the e cacy of memory, but various aspects of other cognitive Some insights into the di erential in uence of basic emot®n
processes, such as perception, attention, or decision-mdkeé® on memory and attention can be gained from few existing
Brosch et al., 2013; Dolcos et al., 26dria review). However, behavioral and neuroimaging studies. It has been found that
recognition memory may be signi cantly in uenced by age- stimuli provoking disgust are later recalled better thanmstii
related dierences in the processing of emotionally valencegrovoking fear, and this applied both to word€ijarash and
information which have been recently reporteééi|pouzos etal.,, McKay, 200® and images Croucher et al., 2011; Chapman
2012; Reed et al., 2014; Ziaei and Fischer, fi¥review). et al.,, 201p Moreover, disgust-evoking images, but not fear-
It is interesting that only several long-term memory evoking ones, keep hold of our attention for longéa( Hoo
experiments have been conducted using a lengthy retentiost al., 2013 At the neuronal level, using fMRI and the directed
period. In one of the rst studies investigating memory afterforgetting paradigm, it was revealed that correctly recegdi
around 1 yearBradley et al. (1992discovered a signi cantly disgusting stimuli evoked the highest activity in the laftyggdala
better memory performance for both negative (low-valenaayl compared to all other categories. This structure was also more
positive (high-valence) highly arousing stimuli. In a fuioectal — activated for remembered vs. forgotten stimuli, but onlycase
resonance imaging (fMRI) study on female subjects after 1of disgust or fear eliciting picture$/archewka et al., 20).6
year delayDolcos et al. (2005pund a signi cant improvement To the best of our knowledge, there has been not a single study
of recognition memory for emotional pictures in comparison investigating the in uence of emotion on long-term recogon
to neutral ones. Analyses based on the regions of interestemory using both dimensional and categorical models ofa ec
(ROI) revealed that successful retrieval of emotional pesur
elicited higher activation in the amygdala, enthorinal teor, METHODS
and hippocampus. More recentlyyeymar et al. (2011have
used behavioral and event-related potential (ERP) measares Material
passive viewing paradigm with a recognition test conducted Dverall, 510 images from the NAPS3/4rchewka et al., 201)a
week and 1 year after encoding. The results obtained in agrouvere selected and divided into three subsets, matched mster
of males showed a sustained enhanced recognition perforenanof valence and arousal. Each subset consisted of 170 images tha
for emotionally unpleasant and pleasant pictures as compared fwoportionally covered the dimensional a ective space across
the neutral ones on both retention periods. On the neuronatle  various content categories, namely animals, faces, landscapes
boosted memory for unpleasant and pleasant stimuli after kweepobjects, and people. A full list of images with the accompanying
was related to an enhanced parietal ERP old/new e ect. Howeverprmative ratings can be found on the NAPS website (http://
after 1 year, these neurophysiological e ects were obsermd o naps.nencki.gov.pl/).
for unpleasant, and not for pleasant, arousing pictures. In an
fMRI study conducted on a group of males and females witfParticipants and Procedure
intentional learning paradigm, valence was found to modulatéfhe study protocol consisted of two study sessions (encoding
brain responses after 3 days and 3 montHsr@nd et al.,, 2002 and recognition). The procedure was conducted in English,
This study showed that hippocampal activations can decreases the participants (exchange students from various European
over time and the reorganization of memory traces takes placeountries, recruited at the University of Warsaw) were preict
with additional activation in the ventromedial prefrontahd speakers of English. During the encoding session subgrodp of
anterior cingulate cortex. subjects (mean ade 22.4;SDD 3.6) from larger cohort study
However, the e ect of emotion on long-term recognition of Riegel et al. (2016lwithout history of any neurological illness
memory was only investigated in line with the dimensionalor treatment with psychoactive drugs were asked to indivigua
models of a ect, which describe emotions in a two-dimensionarate images through a platform available on a local servee. Th
space consisting of valence (pleasantness or unpleasaraness) procedure started with lling the informed consent forms and
arousal (level of excitationdsgood et al., 1957; Russell, 1980 reading instructions displayed on the computer screen, with
These models are not the only way to conceptualize emotioran average distance of 60 cm from the eyes. Subsequently,
Another theoretical framework iEkman's (1992theory of basic each participant was exposed to a consecutive presentation
emotions, according to which at least ve dierent discrete of one of the three picture sets, which included 170 images
emotion categories universally re ect facial and vocal espion, chosen pseudo-randomly from all the content categories and
namely: happiness, sadness, anger, fear, and disgust. Tvese presented under the following constraints: no more than two
points of view are not mutually exclusive, having considerab pictures from each aective valence class (positive, neutral,
explanatory valueReisenzein, 19%4nd at least two databases negative) and no more than three pictures from each content
of emotionally charged images—International A ective Riet  category appeared consecutively. Participants were askeskto u
System (IAPSLibkuman et al., 2007and Nencki A ective six independent 7-point Likert scales in order to indicate the
Picture System (NAPSyiarchewka et al., 2014a; Riegel et al.intensity of happiness, anger, fear, sadness, disgust, apdssu
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(1 indicatingnot at all, and 7 indicatinga great amountelicited Six months after the encoding session, the subjects were
by each presented image, which enabled them to describe eaadntacted via email and asked to participate in a follow-up
image with multiple labelsHigure 1). Additionally, the pictures fMRI study which took part in Warsaw in the period of the
were rated on two a ective dimensions using the Self-Assessm two following weeks with exible choice of a days and hours.
Manikin (SAM; Lang, 198)) as also presented Figure L The  Subjects who were available at this time were screened with
scale of emotional valence was used to estimate the extent afstandard magnetic resonance (MR) form. Seventeen subjects
positive or negative reaction evoked by a given picture, ramgi (10 women) were eligible to take part in the recognition
from 1 to 9 (1 for very negative emotions and 9 for verysession (mean age 24.21;SD D 4.05). Data from 3 subjects
positive emotions). On the scale of arousal, subjects ettna were not eligible to analyses due to very low recognition rate
to what extent a particular picture makes them feel unarousebelow 10%).

or aroused, ranging from 1 to 9 (1 for unaroused/relaxed and During the recognition test, subjects were presented with 17

9 for very much aroused, for instance agitated or excited)ld and 170 new pictures, and had to indicate whether they
Single images were presented in a full-screen view for 2 & Ealead seen these pictures before by pressing an appropriate button
presentation was followed by an exposure of the rating scalésdicating OLD or NEW on a response pad after the o set
on a new screen together with a smaller picture presented iaf each stimulus. The fMRI experimental procedure lasted for
the upper part of the screen. Completing the task with noabout 34 min and was divided into two 17-min parts during
time constraints took 45-60 min. Importantly, the participants which 170 stimuli were shown. Each stimulus was presented
were not informed that they would be invited to take part in for 2 s, inter-stimulus interval varied pseudo-randomly from
the follow-up study and perform memory tests in an fMRI5 to 7s. The stimuli were presented pseudo-randomly under

experiment. the constraints applied to the preceding encoding session and
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FIGURE 1 | Exemplary pictorial stimuli from the content categor y of animals (left panel) and the assessment platform with discre te and dimensional
rating scales (right panel).
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additionally no more than three pictures from each study phasanger, or disgust) were used as parameters paired with stimuli
(OLD/NEW) appeared consecutively. All the participants weresach or all four conditions.

given a nancial reward of 100 PLN (EUR 24). The local To test whether the intensity of a particular emotion or
Research Ethics Committee in Warsaw at Faculty of Psychploggmotional dimension aected brain activity during pictures
University of Warsaw, approved the experimental protocol of theecognition, t-contrasts were constructed as follows. loheaf

study. the 1st level models, brain activity correlating with paraenet
_ _ o values in remembered stimuli was contrasted with brain
Neuroimaging Data Acquisition activity correlating with the parameter values in forgotten

MRI data acquisition took place at the Laboratory of Brainstimuli. Such contrasts allow brain regions to be found
Imaging, Neurobiology Center, Nencki Institute of Experime&  where correlation of BOLD activity with the intensity of a
Biology, with a 3-Tesla MR scanner (Siemens Magnetom Triparticular emotion/dimension in remembered stimuli is high
TIM, Erlangen, Germany) equipped with 32-channel phasedhan the same correlation in forgotten stimuli, thus leaglin
array head coil. Functional data were acquired using a-T2 to identi cation of regions involved in emotion-dependent
weighted gradient echo planar imaging (EPI) sequence wigh thmemory. Finally, in the 2nd level analysis one santiksts were
following parameters: time repetitio® 2000 ms, time ech®  used to examine the signi cance of the obtained contrasts.
25ms, ip angleD 90, in-plane resolutionD 64 64 voxels, The correction for multiple comparisons was performed
eld of view D 224 mm, and 39 axial slices with 3.5mm sliceusing the Monte Carlo simulation (3dClustSim, AFNI,
thickness and no gap between slices. Detailed anatomital dattp://afni.nimh.nih.gov). Only clusters with a minimum of
of the brain were acquired with a T1-weighted (T1w) sequenc80 contiguous voxels anfyoxel < 0.001 were considered as
(time repetitionD 2530 ms, time echD 3.32 ms). signi cant (p< 0.05).

MR Data Analysis

Statistical Parametric Mapping (SPM12, Wellcome TrusRESULTS

Center for Neuroimaging, London, UK) software running on .

MATLAB R2013b (The Math-Works Inc. Natick, MA, USA) Behawolrgl_ Results e .

was used for data pre-processing and statistical analysas, FirEmotlona} imensions of Correct vs. False
Recognition

functional images were motion-corrected. Then, structura

(T1w) images from single subjects were co-registered to thd Order to investigate the recognition accuracy on the hetil
mean functional image. High-dimensional Dieomorphic level, we divided the stimuli into 4 classes of valence ands4éeta

Anatomical Registration using Exponentiated Lie algebré’f arousal based on the mean subjective ratings given orethes

(DARTEL) was used to create a study-speci ¢ template and owcales- Class 1 included scores ranging from 1 to 3 (i.e.fimega
elds based on segmented tissue from T1w imageshburner, or low-arousing), class 2 included scores ranging from 3,to 5
2007; Marchewka et al., 20)4irhe functional images were c_Iass 3—_s_cores fr_om 5 to _7’ and class 4—scores from 7 to 9
normalized using compositions of ow elds and study-speci ¢ (I-6-+ Positive or high-arousing). A repeated measure ANOVA

template to a 1.5 mm isotropic voxel size. Finally, the nornealiz With 4 classes of ratings and memory on two levels (correct
functional images were smoothed with an 8 mm isotropic'€c0gnition and false recognition) was used separately fenca
Gaussian kernel. In the rst level of statistical analysis, aandarousal dimensions as dependent variables. Signi caate

experimental conditions and head movement parameters wet&€re further examined with pairwise comparisons (Bgire 2).
entered into a design matrix. The experimental conditions !N the case ofvalence, signi cante ects of both valence efass
were based on behavioral responses from the memory test ah@ 11) D 12.16p < 0.001; 5 D 0.77) and recognition accuracy
included: correct recognition of OLD stimuli (remembered) [ 13 D 63.42p < 0.001; 5 D 0.83] were revealed, and there
incorrect recognition of OLD stimuli (forgotten), correct Was an interaction between the twg{ 11y D 4.53,p < 0.05;
recognition of NEW stimuli (correct rejection), incorrect 3 D 0.55]. In general, the more negative the pictures, the more
recognition of NEW stimuli (false recognition). The actiwi correctly they were remembered (class 1 was more correctly
di erence between remembered and forgotten items during€cognized than all otherp,< 0.001; class 2 was more correctly
retrieval is known as retrieval success and it was treateal ag’ecognized than class € 0.001) and 4if < 0.005); there was
reference for the analysis of brain activity/éis et al., 2004; No signi cant di erence between classes 3 and 4). Nevertiseles
Prince et al., 2005 The data was modeled for each fMRI run nNegative pictures provoked more false recognitions than réutr
using the canonical hemodynamic response function co-inetbly and positive ones (class 1 had higher amount of false recogniti
with the experimental conditions. than class 3> 0.001) and 4§ > 0.01); also class 2 had higher
Additionally parametric modulation analyses were computec@mount of false recognition than class8% 0.005) and 4§ >
in SPM12 software. For each subject 7 separate 1st level mod@@5).
were constructed. Each of the models had four conditionsec Similar e ects were found for arousal dimension: both ardusa
recognition (remembered), incorrect recognition (forgmi), classesHs; 11) D 14.68;p < 0.001; 3 D 0.80] and recogpnition
correct rejection, and false recognition. In each of the eled accuracy ;. 13y D 31.26,p < 0.001; 2 D 0.71] e ects were
ratings of all stimuli assessed by particular subject on dritke revealed, and there was an interaction between the &g {1)
seven scales (valence, arousal, happiness, surprise, sddagss D 8.34;p > 0.005; 2D 0.69]. The more arousing the pictures,
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VALENCE AROUSAL
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%
0% 0%
1-3 3-5 5-7 7-9 1-3 3-5 5-7 7-9
M correct recognition M false recognition M correct recognition M false recognition
FIGURE 2 | Correct and false recognition rate (%) of pictures d ivided into 4 classes with respect to the obtained scores of v alence and arousal.

the more correctly they were recognized and the more fals®und signi cant activation for recognized vs. forgottemages

recognitions they produced. With respect to correctness oiin several cortical areas, including the anterior cingelabrtex

recognition, for class 4 (i.e., highly arousing) it was ligthan  (ACC) extending to superior medial frontal, bilateral ariter

for the others (all the di erences were signi captg 0.001), class insula, and inferior frontal gyri as well as the left inferjmarietal

3 was recognized more correctly than classes 2 and 1 (for botlortex. Increased activity for recognized as compared gdben

p< 0.001), while class 2 had a higher recognition correctrass r pictures was also found sub-cortically in the bilateral caednd

than class 1< 0.05). As far as false recognitions are concernedight thalamus (se&able 1andFigure 4).

highly arousing stimuli (class 4) had a higher rate than lad t Additional analyses based on parametric modulation were

other stimuli (p < 0.05 for class 3 angd < 0.01 for classes 2 computed for each of the subjective ratings collected in line

and 1), class 3 had a higher rate than classgs<2@.005) and 1 with dimensional and discrete models of emotion. Arousaswa

(p< 0.05), while there was no di erence for low-arousing classefound to be the only subjective rating signi cantly modulzg

2and 1. brain activation. Increases in subjective ratings of aabusf
Importantly, the correct recognition rate (mean 338DD  experimental stimuli led to increased recruitment of thehtig

15%) was signi cantly higher than the rate of false recogniti caudate Xy z 6, 12, 5T D 4.95, 192 voxels) and left anterior

(mean 19%,SD D 12%), irrespective of subjective ratings ofcingulate gyrusXy z 18, 24, 32T D 6.06, 117 voxels) during

valence and arousal. The correct recognition rate rangem ft3  correct recognition (seEigure 5).

to 60% of pictures.

Basic Emotions and Emotional Dimensions of DISCUSSION
Remembered vs. Forgotten Images
We also investigated whether the retrieval success di esed a The present study was aimed at extending the previous litegatu
function of basic emotion and emotional dimension intefesit ~reporting long-term recognition memory e ects for emotional
(seeFigure 3. Paired-tests for correctly recognized vs. forgottenstimuli (Bradley et al., 1992; Dolcos et al., 2005; Weymar et al.,
images were performed for the mean intensities of each of thé011; Harand et al., 20).2We were particularly interested
basic emotions (happiness, surprise, sadness, fear, anger, &h exploring the modulatory e ect of emotions on long-term
disgust) as well as valence and arousal. The tests revésaled tecognition memory by using normative behavioral ratings
recognized pictures di ered from the forgotten ones in botteth collected in line with dimensional and discrete models ofa.e
intensity of basic emotions and emotional dimensions. @otty ~ For this reason we developed a computerized rating procedure
recognized pictures had a lower intensity of happinegs)[D and conducted the memory test after a period of 6 months.
4.26p< 0.001; CohendD 1.12]and higherintensityratings At the behavioral level, separate analyses examining the
of surprise {13y D 2.66;p < 0.05; Cohen'sl D 0.74], sadness € ect of emotion on memory performance according to both
[ta3)D 5.29;p< 0.001; Cohend D 1.79], fear{(13)D 3.58;p < models of a ect were computed. Thgsel analyses revealed that
0.005; Cohentd D 1.37], angertj;3 D 3.65;p < 0.005; Cohen's long-term recognition memory was signi cantly modulateg b
dD 1.41], and disgust{;3) D 4.09;p< 0.001; Cohend D 1.34] emotion conceptualized according to both theoretical medel
than forgotten images. They were also rated as more unpleasapPeci cally, we found a signi cant e ect of valence and ardusa
[tazyD 5.55p< 0.001; CohendD 1.73]and more arousing ON recognition accuracy. Recognition accuracy was the Bighe

[t3y D 2.91;p< 0.05; Cohen's D 0.78]. for negative arousing stimuli, in line with previous studielsere
various types of material and methodological approaches were
fMRI Results used Bradley et al., 1992; Cahill and McGaugh, 1995; Ochsner,

Whole brain analyses aiming at direct comparison of corgectl 2000; Kensinger et al., 2003; Dolcos et al., pOdbth respect
recognized stimuli with forgotten ones were computed. Weo the ratings collected in line with discrete models of a.ect
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FIGURE 3 | Subjective ratings of the intensity of basic emotio

ns and emotional dimensions for remembered (correctly recognize d) and forgotten
(incorrectly recognized) stimuli.  All the differences are statistically signi cant.

TABLE 1 | Brain areas associated with the long-term memory retr ieval

success.

Brain region T MNI Cluster size
X y z

L superior medial frontal gyrus 5.91 4 30 44 2311

L superior medial frontal gyrus 5.55 6 38 39

L anterior cingulate 4.92 3 36 24

L inferior frontal gyrus (orbital part) 4.94 42 20 10 1037

L_insula 4.46 33 21

L_insula 4.09 27 24

L middle frontal gyrus (orbital part) 4.44 51 50 140

R thalamus 4.31 15 18 6 145

R_insula 4.26 32 26 593

R inferior frontal gyrus (orbital part)  4.01 48 21

R inferior frontal gyrus (orbital part)  3.22 58 20

L caudate 4.01 9 9 0 147

L pallidum 3.38 15

R caudate 3.96 12 123

L middle cingulate 3.85 2 20 32 236

L inferior parietal lobule 3.77 34 57 42 241

L inferior parietal lobule 3.47 42 57 50

L middle temporal gyrus 3.71 64 27 12 75

L middle frontal gyrus 3.65 46 20 39 278

L middle frontal gyrus 3.54 42 18 51

L inferior frontal gyrus (operculum)  3.47 54 20 34

L inferior parietal lobule 3.58 52 56 36 85

L angular gyrus 3.18 45 58 40

R rolandic operculum, insula 3.48 42 21 18 125

R rolandic operculum 331 56 14 12

Analyses are based on all classes of valence ranging from negegi to positive. All of the
listed brain regions were cluster corrected and met the signi caoe threshold of p< 0.05.
The X, y, z coordinates refer to the Montreal Neurological Institute (MN\8pace. L is left;
R is right. Cluster size is the number of voxels activated in the regioheluster. Only the
main peaks of activation within each cluster and their corresponding bin structures are

reported.

to capture and hold our attention much more e ectively than
fear-evoking imagesvan Hoo et al., 2013; van Hoo et al.,
2019 and are better remembered after a short retention period
(Croucheretal., 2011; Marchewka et al., 20Héwever, it is still
debated whether disgust, since itis evidently a basic seasmly
(Rozin and Fallon, 19§7as well as a socially constructed moral
emotion (Haidt, 2003, should be classi ed as a basic emotion
(for discussion seanksepp, 2007; Toronchuk and Ellis, 2007;
Panksepp and Watt, 20)L.1

In the case of positive emotions (happiness) we found
an opposite e ect. A more positive rating of the stimuli
corresponded with worse recognition success being observed
This result is in line with ndings concerning the dimensiarf
valence, reported also in the previous studigsr(singer and
Corkin, 2003; Kensinger et al., 2006, 200&ccording to the
proposed explanation, negative information may be encoded
more automatically than positive informatiorKérn et al., 2005;
Talmi et al., 200); and negative items tend to be encoded
with more perceptual processing than positive information
(Mickley and Kensinger, 2008; Mickley Steinmetz and Kensinger,
2009. However, it is important to emphasize that the current
sample was limited to young adults and observed behavioral
e ects could be dierent in older population. For example a
large-scale meta-analysis showed that older adults denaiastr
a signi cant information processing bias toward positive vs.
negative information, whereas in younger adults an opposite
e ect was revealed~eed et al., 20)4Nevertheless, age related
e ects on long-term memory have not been yet tested with long
retention periods, such as the one in the current study.

At the neuronal level, using basic contrast-based fMRI
analyses we found a number of brain areas associated with
long-term recognition memory of emotional information, o
cortical and subcortical. Cortical regions we found were
previously indicated in the studies of various kinds of memory
retrieval and recognition §tock et al., 2009; Sitaram et al.,
2019. Interestingly, some of these regions, i.e., the bilhtera
anterior insula and anterior cingulate cortex, are the cegions

we found emotional enhancement of memory e ect only forof the so-called salience networkdeley et al., 2007More
negative emotions (sadness, fear, surprise, anger, andstisg and more evidence suggests that they play a critical role in
This e ect was most pronounced in the case of disgust. Recemediating the interplay between brain areas involved in earot

studies have already shown that stimuli eliciting disguietable

perception and executive contralienon and Uddin, 2010 A
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FIGURE 4 | Activations in brain areas associated with the suc  cessful recognition of emotional and neutral stimuli. Bars represent contrast estimates for
valence classes.

FIGURE 5 | Parametric modulation of the brain activation durin g long-term memory recognition by self-reported arousal ratin gs. Figure presents the
contrast of correlations of BOLD signal with arousal ratirggbetween remembered and forgotten stimuli. No signi cant €ect on analogous contrast was found for
other ratings collected in line with dimensional and discte models of affect.

recent fMRI study on the in uence of emotions on working on the whole brain, whereas the results of the mentionedystud
memory found that the salience network plays a critical role i were based on ROI analyses. Also, that study included only
mediating interaction between emotion perception and exeeut female participants, which might have in uenced the pattern of
control (Luo et al., 201 Anatomically, core salience network brain activity. However, it seems that the involvement oé th
regions (Al and ACC) have strong reciprocal connections withhippocampus and amygdala in long-term recognition memory
an emotional processing network including the amygdala andnay not be critical. It was rst clinically demonstrated in HM
ventral sensory pathwaysi@mer et al., 20141t seems, based on patients that despite damage to the hippocampus resulting in
the presented ndings, that the regions of the salience neétwo profound amnesia, older memories, or information could still
are also involved in successful recognition of stimulirafteg  be consciously recollected and recognized. This fact led to a
retention periods. proposal that after a longer retention period information iaity

In contrast to the previous study dbolcos et al. (2005we  processed in the hippocampus is stored in a distributed cortical
failed to observe any signi cant involvement of the hippocarapu network. The ACC has recently been indicated in this process.
and amygdala in correct recognition of emotional items. SThi Harand et al. (2012found that hippocampal activity decreased
might be related to the fact that we computed fMRI analysesver time for initially episodic, later semantic memoriesr F
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both types of memories, neocortical activations were olegerv inter-item associations and enhanced memory consolidation

with both delay periods (3 days and 3 months), speci cally in(Craik and Lockhart, 1972; Craik and Tulving, 1975; Cowan,

the ventromedial prefrontal and anterior cingulate coricdhe 1995. Moreover, the exposure to unpleasant arousing stimuli

authors argued that these cortical activations might ré ec is associated with increased retrieval of negative memorie

gradual reorganization of memory traces within neural netis.  and unpleasant post-event recollectiofuthbert et al., 2003

In line with this result, studies on rodents have demongtchthat ~ Superior memory formation for unpleasant arousing events

the ACC is necessary for recalling behaviors learned at fleas seems to be adaptive, but it may also result in behavioral

month ago, but not for the same behaviors learned the pregedirwithdrawal and reinforce negative beliefs. These processes

day (Weible etal., 2092 may impair our psychological functioning and, in extreme
The increased activity for correctly recognized comparedases, assist in the development of mental disorders that may

to forgotten stimuli was also observed in the striatum,be dicult to alleviate because of poorer positive memory

speci cally in bilateral caudate and left pallidum as well aformation.

in the right thalamus. A recent study which explored the

inuence of genetic polymorphisms on long-term memory

found that older people with the presence of an Al allele 0|;_||\/||TAT|ONS OF THE STUDY AND

the DRD2/ANKK1-TaglA polymorphism had worse memory CONCLUSIONS

performance and a weaker activation in left caudate nucleus o .

(Persson et al., 20)L.5Further, a positive relationship between”* Stong limitation of the (?urr.ent study Is the .fact that

caudate activation and long-term memory updating performiancwe, were unable. to nd signi cant ,O,“ erences n brain

among non-Al carriers indicated that caudate activatiorswaaCt'Vat'_onS_ underl_ymg long-term r_ecognltlon memory Insyee ct

behaviorally relevant. Since this polymorphism is relatedato O_f subjective ratings collected n both the dlme_r1§|onal and

reduced density of striatal dopamine D2 receptofr(sson discrete models of a ect. These di erences were visible only at

et al., 199) these results point to the critical role of thevlvevehl ofbﬁhaylorar:ana;]lystles.k ¢ siani Its in MR
dopamine in regulating long-term memory. In line with e hypothesize that this lack of signi cant results in

this hypothesis, emerging evidence from human and animaf'1‘r_‘a|_yseS could be_ a consequence of the small ngmber_ of trials
studies suggests that suboptimal dopamine modulation maﬁ’lthln each experimental condition and the relatively liett

be associated with increased forgetting of episodic infdiona umber of subjects in the recognition Session with analyng
(Papenberg et al., 20L3What is more, the activation of data. At the same time on the behavioral level we obtained

the right thalamus found in the present study is consistenfncmle_rate to h|gh e ect sizes. Therefore, we suggest thaléurt
experiments increase both the sample size and the number
of stimuli. We also think that further studies in older adsilt
thalamus lesion speci cally impairs visual memory, whilédas S?O‘ljld be conducted in order to und(_erstarl]nd the mechanisms
of the left thalamus impairs verbal memorgdelstyn et al., getaicl)sng-term recognition memory in humans in more
2012. )
2 The most important conclusion that could be drawn from the

Additional fMRI parametric analyses identi ed regions that dvis th v subieci . f ldirect]
were uniquely and increasingly recruited with a correspoigdi curren_t stu y'_St ato_n ysu _Jec_tlve ratlr_lgso arousalarectly
associated with brain activation during long-term memory

increase in subjective ratings of arousal. This modulatién o tion. This ndi be | d . -
brain activity by arousal was observed in the right caudatg®cognition. This ndings may be interpreted against theui

and the left anterior cingulate gyrus. Arousal was the onI;})f baﬁ"c emotlonsb postulating that a_glscrete antlj u;ée%endent
subjective rating signi cantly modulating brain activeri. It neural system subserves every emotibn<ner et al., 2005ee

seems therefore that these structures are not only signtlga aIsoCIark.—Eolner etal., .2036 .
involved in long-term recognition memory but also in percieiy In addition, the. obtained rgsult§ also support the hypothe3|s
arousalper-se Previous studies which showed brain correlate hat the memorized material is rstly processed in the

of arousal did not employ recogniton memory paradigms ippocampus and amygdala, yet over time it becomes stored in a
but required participants to experience emotions or evaluat

gistributed cortical network including the core salienogtwork
a ective stimuli (Colibazzi et al., 2010; Viinikainen et al.,

and basal ganglia.
2010, thus it is dicult to directly compare them with the
results from the present study. Nevertheless, they revealed AUTHOR CONTRIBUTIONS
existence of distinctive brain networks managing emotiams
line with the dimensional model of a ect including the caudat AM was responsible for the study concept and design contrithute
and cingulate cortex. The activation patterns found in theto the acquisition of the data, performed the data analysis
present study probably re ect more complex brain networksand wrote the article. MW performed the data analysis. AMo
serving both long-term recognition of emotional stimuli én acquisition of the data. MR contributed to the writing of the
experiencing of the feelings elicited by the material. Emieah article. JM study concept and design contributed to the wgtaf
memory formation for unpleasant arousing photographs seemthe article. KJ performed the data analysis and wrote thelarti
to be initiated already at stimulus encoding. In fact, iresed All authors critically reviewed content and approved nal sEm
stimulus processing is supposed to lead to the formation ofor publication.

with neuropsychological ndings in patients showing a double
dissociation in material-speci c long-term memory i.e.ghi
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