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Dissociable contributions of the amygdala
to the immediate and delayed effects of emotional
arousal on memory

Dirk Schümann and Tobias Sommer
Institute for Systems Neuroscience, Medical Center Hamburg-Eppendorf, Hamburg, Germany

Emotional arousal enhances memory encoding and consolidation leading to better immediate and delayed memory.

Although the central noradrenergic system and the amygdala play critical roles in both effects of emotional arousal, we

have recently shown that these effects are at least partly independent of each other, suggesting distinct underlying

neural mechanisms. Here we aim to dissociate the neural substrates of both effects in 70 female participants using an emo-

tional memory paradigm to investigate how neural activity, as measured by fMRI, and a polymorphism in the α2B-noradre-
noceptor vary for these effects. To also test whether the immediate and delayed effects of emotional arousal on memory are

stable traits, we invited back participants who were a part of a large-scale behavioral memory study ∼3.5 yr ago. We rep-

licated the low correlation of the immediate and delayed emotional enhancement of memory across participants (r= 0.16)

and observed, moreover, that only the delayed effect was, to some degree, stable over time (r= 0.23). Bilateral amygdala

activity, as well as its coupling with the visual cortex and the fusiform gyrus, was related to the preferential encoding of

emotional stimuli, which is consistent with affect-biased attention. Moreover, the adrenoceptor genotype modulated the

bilateral amygdala activity associated with this effect. The left amygdala and its coupling with the hippocampus was specif-

ically associated with the more efficient consolidation of emotional stimuli, which is consistent with amygdalar modulation

of hippocampal consolidation.

Improved memory for emotionally arousing compared to neutral
information is driven by enhanced processing and encoding as
well as by improved subsequent consolidation (Hamann 2001;
Ritchey et al. 2008). Preferential encoding of emotional stimuli re-
sults immediately in enhanced memory and is based on their ten-
dency to attract greater attention, resulting in deeper processing
(Kensinger and Corkin 2004; Kang et al. 2014). This affect-biased
attention, attributed to amygdala and central noradrenergic sys-
tem activity, has been suggested to increase signal-to-noise ratio
in sensory areas and synaptic plasticity in the hippocampus
(Markovic et al. 2014; Mather et al. 2015; Hagena et al. 2016), lead-
ing to better encoding. The amygdala alongwith the central norad-
renergic system also modulate the delayed effect of emotional
arousal on consolidation (McIntyre et al. 2012; Manns and Bass
2016; Inman et al. 2017). This delayed effect of arousal on consol-
idation can be explained by the tagging of active synapses during
the processing of emotional stimuli that results in the subsequent
transformation of early in persistent late long-term potentiation
and hence improvement in consolidation (Bergado et al. 2011;
McIntyre et al. 2012).

To investigate the relationship between the emotional en-
hancement in immediate (encoding) and delayed (consolidation)
memory processes and the genetic predisposition that could influ-
ence affect-biased attention, we previously conducted a large-scale
behavior-genetic study (n = 690). We observed that the magnitude
of the effects of arousal on encoding and consolidation, i.e., imme-
diate emotional enhancement of memory (iEEM) and delayed
emotional enhancement of memories (dEEM), correlated only
weakly with each other across participants (r = 0.14) (Schümann
et al. 2017). In some participants, emotional arousal only en-

hanced encoding (better memory for emotional items 10min after
encoding) but did not result inmore efficient consolidation (mem-
ory for emotional and neutral items were similar 20 h after encod-
ing), whereas others showed the opposite pattern, i.e., only an
effect on consolidation (better memory for emotionally arousing
than neutral items after 20 h but not immediately). The relative
independence of these two effects from each other is consistent
with these effects having partly distinct underlying processes
and neurobiological substrates although the central noradrenergic
system and the amygdala play critical roles in both effects. The
same mechanisms in these brain structures initiate both effects,
but then the processes diverge, resulting in iEEM and dEEM. One
possibility is the central noradrenergic system and amygdala inter-
act with different brain areas to modulate signal-to-noise ratio
in sensory areas or synaptic plasticity and synaptic tagging in the
hippocampus. Alternatively, the processes resulting in iEEM and
dEEM might diverge as early as in the amygdala, whether in dif-
ferent parts of the amygdala or on the molecular level within the
same area.

Three previous fMRI studies had aimed to disentangle the
neural substrates of iEEM and dEEM (Mackiewicz et al. 2006;
Ritchey et al. 2008; Mickley Steinmetz et al. 2012), but results are
not fully consistent and open questions remain. Using an immedi-
ate and a delayed recognition test of negative compared to neutral
pictures (i.e., the main effect of emotion on memory), Mackiewicz
et al. (2006) found that bilateral dorsal amygdala was related to
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iEEM in both men and women, whereas dEEM elicited activity in
the left ventral amygdala in women and the right inmen. The oth-
er two studies used subsequent memory effect (SME) analyses
(Dolcos et al. 2012) to identify areas where trial-wise neural activity
during encoding was correlated with iEEM or dEEM. The greater
persistence of emotional memories, i.e., that dEEM is often behav-
iorally stronger than that of iEEM, was not related to greater activ-
ity in the amygdala but increased coupling of the amygdala and
the parahippocampal cortex (Ritchey et al. 2008). This study did
not aim to identify which brain areas were more involved in
iEEM. Testing the hypothesis that the subsequent memory effect
for emotional items is more delay-invariant than for neutral items,
Mickley Steinmetz et al. (2012) indeed found that more cortical ar-
eas correlated with immediate than delayed subsequent memory
for only neutral, not negative, items. However, no activity related
to either iEEM or dEEM in the amygdala was observed.

In the study we present here, we aimed to complement the
findings of these previous studies by directly comparing the neural
correlates of iEEMand dEEM, i.e., the interaction of immediate and
delayed subsequent memory effects (SMEs), respectively. In partic-
ular, participants studied 80 neutral and 80 negatively arousing
scenes in the MRI scanner, completed then a recognition test for
half of the pictures outside of the scanner and a second recognition
test for the remaining pictures followed ∼24 h later. As the differ-
ence between the iEEM and dEEM can be considered in terms of
affect-biased attention (i.e., iEEM) versus emotional synaptic tag-
ging (i.e., dEEM), and we know that affect-biased attention and
emotional synaptic tagging rely on amygdalamodulation of differ-
ent brain areas, we focused on the functional coupling of the amyg-
dala with other brain areas related to iEEM and dEEM. Such direct
comparisons of iEEM and dEEM is challenging becausemany emo-
tionally arousing items involve both enhanced attention and syn-
aptic tagging, though our previous study suggests that both
processes are relatively independent of each other (Schümann
et al. 2017). These items cannot be identified and then excluded
fromthe analyses because each itemcanbe testedonlyonce, imme-
diately or delayed (otherwise the second test would be confounded
by the first). These confounded items can only be treated as noise
when one aims to separate the neural correlates of iEEM and
dEEM during initial processing. To overcome this limitation inher-
ent to thenature of EEM,we recruited a relatively large sample of 70
participants in an attempt to increase statistical power needed to
detect activity uniquely associated with iEEM or with dEEM. Only
female participants were recruited since lateralized amygdala activ-

ity related to dEEMhas been reported to dependon sex (Cahill et al.
2004; Mackiewicz et al. 2006).

In our previous large-scale behavioral study, we had tested
whether iEEM and dEEM’s partial independence of each other
could be explained by the differential involvement of the adreno-
ceptor subtypes, which vary in affinity, action, and expression pat-
tern (Hein 2006; Luhrs et al. 2016). Participants were genotyped for
a polymorphism in the gene that codes for the α2B-noradrenergic
receptor, a polymorphism that has been associated with greater
perceived vividness of emotional stimuli, affect-biased attention,
and iEEM in free recall (de Quervain et al. 2007; Rasch et al.
2009; Todd et al. 2013, 2015). However, we did not find any rela-
tionship between the polymorphism and iEEM or dEEM behavior-
ally (Schümann et al. 2017). Given that differences in neural
activity are not necessarily behaviorally observable, we invited
back a subset of the genotyped participants from our previous
large-scale behavioral study in order to investigate whether
α2B-noradrenoceptor polymorphism is associated with differences
in neural activity between iEEM and dEEM. This also enabled us to
investigate to what degree iEEM and dEEM are stable personality
traits, which would in turn suggest genetic influences.

Results

Behavioral results
Hitswere defined as a response of three or lower on old items on the
six-step confidence rating during the recognition test (six high
confidence new, one high confidence old), andmisses as responses
of four or higher. Corrected hit rates (hit rate—false alarm rate)
were higher for negative than for neutral stimuli at both retention
intervals (Fig. 1, left panel). A GLMwith the within-subject factors
of retention interval and valence revealedmain effects of retention
interval, F(1,68) = 306.98, P < 0.0001, η2 = 0.24, and valence, F(1,68) =
83.08, P < 0.0001, η2 = 0.07, and an interaction between these two
factors, F(1,68) = 29.32, P < 0.0001, η2 = 0.01, indicating that the
effect of emotional arousal was larger during consolidation (with
delay). There was no correlation between delayed (dEEM) and im-
mediate (iEEM) effects of emotional arousal: r = 0.16 (P = 0.20; Fig.
1, middle panel), which replicates our earlier finding. To give a full
picture of the behavioral results, we also computed d-prime, re-
sponse bias (c), and, as a pure measure of accuracy (Dougal and
Rotello 2007), the area under the curve (AUC) of the ROC-curves
based on the confidence ratings (Table 1). According to the dual

Figure 1. Behavioral results. (Left panel) Corrected hit rates in the immediate and delayed memory test for negative (black) and neutral (gray) pictures
from the current study and from the previous large-scale behavioral study of the same participants (solid bars—current fMRI study, contour bars—large-
scale behavioral study). (Middle panel) Correlations between the immediate and delayed emotional enhancement of memory (iEEM and dEEM, respective-
ly) across participants in the current study. Exclusion of the outlier changes correlation to r = 0.14. (Right panel) Correlations of iEEMs and of dEEMs
between the current study and the previous large-scale behavioral study of the same participants.
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process model of recognitionmemory, two independent processes
contribute to recognition, where “recollection” refers to the re-
trieval of an item together with contextual information about
the encoding episode in contrast to the acontextual sense of
“familiarity” (Yonelinas 2002). To assess the contribution of recol-
lection and familiarity to the EEMs, the dual process model of rec-
ognition memory was fit to the individual data using the ROC
toolbox (Koen et al. 2016).

The meanmagnitude of both effects for participants was sim-
ilar across the current study and when they participated in the pre-
vious large-scale behavioral study (Fig. 1, left panel; GLM: main
effect of study: F(1,68) = 0.07, P = 0.79; no interactions between the
factors study, valence and delay, all P’s > 0.10). Most important,
all post-hoc tests contrasting the same condition across studies,
e.g., immediate corrected hit rate for neutral pictures, were not sig-
nificant (all P’s > 0.40). Surprisingly, individual iEEMdid not corre-
late across both studies (r =−0.01, P = 0.95) and the correlation was
weak fordEEM(r = 0.23,P = 0.06).However, generalmnestic ability,
i.e., stability of memory performance across studies within each
of the four conditions, was substantially higher than the EEMs
(corrected hit rates of immediate neutral r = 0.59, immediate nega-
tive r = 0.40, delayed neutral r = 0.39, delayed negative r = 0.42, see
Table 2 for the correlations on additional memory measures).

Genotype had no effect on behavioral measures of iEEM of
dEEM. A mixed GLMwith delay and valence as within subject fac-
tors and genotype as between subject factor showed no effects for
genotype and no genotype interaction for the adrenergic polymor-
phism (all P’s > 0.31).

fMRI results
We adopted both an ROI-(left and right amygdala and hippocam-
pus) as well as a peak-based approach to characterize brain activity
associatedwith iEEMand dEEM. The ROI-based analyses revealed a
main effect of brain structure, with greater EEMs in the amygdala
than hippocampus (F(1,67) = 24.70, P < 0.00001; Fig. 2). There was

also an interaction of brain structure with delay: iEEM involved
the hippocampus less than the amygdala, whereas the dEEM in-
volved both structures (F(1,67) = 4.71, P = 0.03; post-hoc Tukey
HSD: amygdala iEEM greater than hippocampus iEEM P < 0.01).
Additionally, the three-way interaction reached significance
(F(1,67) = 4.95, P = 0.03). To explore the differences leading to this
three-way interaction, post-hoc GLMs with iEEM and dEEM as
dependent variables and the within subject factors hemisphere
and brain structure were computed. This GLM revealed a main
effect of brain structure for iEEM, confirming that stronger iEEM
is more associated with the amygdala than the hippocampus
(F(1,67) = 24.93, P < 0.00001). The corresponding GLMs for dEEM
revealed a trend toward larger dEEMs in the amygdala than the hip-
pocampus (F(1,67) = 3.13, P = 0.08) and a significant interaction sug-
gesting a smaller dEEM in the right compared to left amygdala
(F(1,67) = 4.83, P = 0.03; post-hoc Tukey HSD: right amygdala
dEEM greater than left amygdala dEEM P = 0.02).

The peak voxel-based approach identified a wide network of
brain regions, including the amygdala, wasmore active during pro-
cessing negative than neutral pictures (Table 3). Several of the pre-
viously reported brain regions were associated with iEEM and
dEEM, with dEEM eliciting activity in more areas overall (Table
3). Notably, activity in the bilateral amygdala was associated with
iEEM whereas dEEM only correlated with activity in the left amyg-
dala/anterior hippocampus (Fig. 3). This was confirmed by the
exclusive masking procedure which revealed bilateral anterior
amygdala for iEEM (xyz = [18 0 −16], Z = 4.39; xyz = [−20 −2
−20], Z = 3.56, Fig. 3) and left posterior amygdala/anterior hippo-
campus for dEEM (xyz = [−26 −12 −14], Z = 4.04, Fig. 3). The inter-
action analysis revealed no surviving clusters of activity for iEEM,
with the lowest P-value in the right amygdala (Z = 2.81, P = 0.17),
and for dEEM, clusters in the left inferior and middle frontal
gyrus survived whole brain FWE correction (xyz = [−48 26 18],
Z = 4.82, P = 0.24; xyz = [−30 6 40], Z = 4.77, P = 0.030). The con-
junction analysis revealed a significant cluster in the left amygdala
(xyz = [−18 −4 −14], Z = 3.77, P = 0.01).

Table 1. Behavioral results in the immediate and delayed recognition tests

Hit rate False alarm rate c d′ Familiarity Recollection AUC

Immediate test
Negative 0.85 (0.12) 0.11 (0.09) 0.17 (0.43) 2.78 (1.26) 1.63 (0.86) 0.53 (0.29) 0.92 (0.07)
Neutral 0.81 (0.13) 0.13 (0.09) 0.10 (0.50) 2.42 (1.06) 1.43 (0.66) 0.46 (0.26) 0.89 (0.08)

Delayed test
Negative 0.68 (0.15) 0.12 (0.09) 0.43 (0.45) 1.91 (0.80) 1.32 (0.53) 0.28 (0.21) 0.84 (0.08)
Neutral 0.61 (0.19) 0.17 (0.11) 0.37 (0.43) 1.38 (0.66) 0.93 (0.51) 0.20 (0.20) 0.76 (0.11)

Familiarity and recollection were computed based on the dual process model of recognition memory (Koen et al. 2016, c response criterion, AUC area under the
curve, mean, and standard deviation).

Table 2. Correlations of memory performance measures of the same 69 participants between the large-scale behavioral study 3.5 yr ago and
the current fMRI study

Correlation large-scale behavioral study × current fMRI study

Corrected hit rate Hits False alarms d′ c fam Rec AUC

Immediate test
Negative 0.40** 0.37** 0.33** 0.33** 0.20 0.03 0.19 0.37**
Neutral 0.59** 0.55** 0.58** 0.41** 0.41** 0.14 0.35** 0.58**
EEM −0.01 0.13 0.15 −0.13 0.16 0.07 0.18 0.10

Delayed test
Negative 0.42** 0.36** 0.50** 0.42** 0.34** 0.18 −0.05 0.41**
Neutral 0.39** 0.35** 0.41** 0.43** 0.39** 0.30* 0.61** 0.48**
EEM 0.23t 0.35** 0.06 0.08 0.21 −0.08 0.18 0.22

Rec, recollection; fam, familiarity according to the dual process model of recognition memory (Koen et al. 2016); EEM, Emotional Enhancement of Memory com-
puted as differences between negative and neutral performance. *P < 0.05; **P < 0.01; tP < 0.10.
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The psychophysiological interaction (PPI) analyses using a re-
gion in the left amygdala as a seed, as identified by the main effect
of emotion, revealed stronger coupling during successful encoding
of negative than neutral pictures with large clusters in visual areas
for iEEM (Table 3; Fig. 4). During processing that was associated
with more efficient consolidation for negative than neutral pic-
tures, the amygdalawas coupledmore stronglywith these visual ar-
eas as well as with the bilateral hippocampus and inferior frontal
gyrus. The exclusivemasking procedure revealed that clusters in vi-
sual areas, in particular in the fusiform (xyz = [28 −58 −6], Z = 4.59,
xyz = [−26 −64 −4], Z = 5.17), lingual (xyz = [26 −64 −6], Z = 4.10,
xyz = [−22 −88 0], Z = 4.85), and middle occipital gyrus (xyz = [22
−88 0], Z = 4.78) were predominantly related to iEEM, whereas
the hippocampus and inferior frontal gyrus to dEEM.

The α2B-noradrenergic receptor deletion genotype (32 wild-
type, 37 deletion carriers) was associated with the greater activity
in the medial PFC, bilateral hippocampus and visual cortex
(Table 2) for the main effect of emotion, where deletion carriers
showed greater activity in these areas for negative pictures. Howev-
er, the largest p-value in the amygdala was only P = 0.29 (Z = 2.54)
at xyz = [−30 −6 −28]. There were no brain areas associated with
greater activity for participants with the wild-type of this adreno-
ceptor compared to the deletion carriers. However, wild-type carri-
ers had greater iEEM-related activity in the bilateral amygdala,
insula, and mPFC/anterior cingulate (Table 3; Fig. 5). Deletion car-
riers did not show any greater activity associated with iEEM. For
dEEM, neither group, whether deletion carriers or wild-type,
showed significantly greater activity.

Discussion

Recognition memory for negatively emotional pictures was better
than for neutral pictures both immediately and after 24 h, where
this advantage increased after the consolidation delay, replicating
previousfindings, including fromour previous large-scale behavio-
ral study (Sharot et al. 2007; Payne et al. 2008; Sharot and
Yonelinas 2008; Schümann et al. 2017). Also similar to the previ-
ous findings from our large-scale behavioral and a smaller replica-
tion study, we found only a weak correlation between individual
iEEM and dEEM (Schümann et al. 2017). The consistently low cor-
relation between iEEM and dEEM supports the hypothesis that
both effects of emotional arousal, reflecting affect-biased attention
and emotional synaptic tagging, respectively, rely at least partially
on distinct neural substrates.

Themean performance in the four conditions (i.e., immediate
negative/neutral, delayed negative/neutral) was similar to our
large-scale behavioral study ∼3.5 yr earlier and was stable over

time across participants, suggesting the trait-like quality and even
inheritability of general mnestic ability (McClearn et al. 1997;
Panizzon et al. 2011). Themean iEEManddEEMacrossparticipants
of the current study was also similar to the large-scale behavioral
study, but only a weak correlation for individual dEEM across stud-
ies was found. It should be reiterated that although the timing, in-
cluding the active baseline task, of the emotional memory
paradigms in the two studies were identical, no emotionally posi-
tive pictures were included in the current study (whereas partici-
pants encoded 40 positive, 40 neutral as well as 40 negative
pictures in the previous study). Moreover, participants in the cur-
rent study encoded in theMR scanner but retrieved on a computer
outsideof the scanner,whichmighthave led togreater stressduring
encoding and to less context-dependent memory during recogni-
tion. The low correlations in within-subject iEEMs and dEEMs
across the two studies might, therefore, be affected by such rather
subtle differences in task and settings. We did not assess the hor-
monal status of the participants (menstrual cycle phase and use
of oral contraceptives) because we did not observe an effect of hor-
monal status onmemory or EEMs in 464 women (62.5% using oral
contraceptives) in the previous large-scale behavioral study (un-
published observation). Similarly, we did not observe an effect
of hormone status on memory or EEMs, nor on amygdala activity,
in a recent study where we pharmacologically increased estro-
gen levels across a wide range in 125 naturally cycling women
(Bayer et al. 2018). However, another previous study using a more
sensitive within-subject design contrasting natural cycling women
in their early follicularand lutealphase showed subtledifferences in
emotional memory performance (Bayer et al. 2014). Differences in
hormonal statusmight have therefore also reduced the correlations
of the EEMs across studies. However, these differences unlikely ac-
count for all of the individual variances; the low correlationsmight
also suggest low retest reliability and/or stabilityof iEEManddEEM.
In other words, the typical paradigm used to assess the effects of
emotional arousal on encoding and consolidation is either not
well suited to measure potentially underlying personality traits,
or iEEM and dEEM are not traits, but rather, states.

Both interpretations are of relevance for behavior-genetic
studies on EEM (Todd et al. 2011) and might explain why we pre-
viously failed to replicate a genetic influence of α2B-adrenoceptor
polymorphism on iEEM (Schümann et al. 2017). Importantly, pre-
vious studies reporting a influence of this polymorphism on iEEM
used free recall (Rasch et al. 2009; de Quervain et al. 2007) where
iEEM does not primarily depend on affect-biased attention during
encoding but, to a larger degree, on processes during recall such as
semantic relatedness and distinctiveness (Sommer et al. 2008;
Barnacle et al. 2016; Talmi et al. 2017). The low retest reliability/
stability of the EEMs is also more generally of interest because
many behavior and/or imaging genetic studies use cognitive
psychological measures, e.g., difference in performance between
two conditions, with unknown psychometric characteristics as
phenotype.

The ROI-based analysis of amygdala and hippocampal activi-
ty revealed an interesting functional differentiation along the ante-
rior–posterior axis: amygdala, but not hippocampus activity, was
correlated with iEEM, whereas the hippocampus was involved
also in dEEM. Moreover, the data suggest a lateralization of the
amygdala, with activity in the left with larger dEEM. It is important
to keep in mind that we cannot rule out that the overlap of both
effects in the left amygdala might be caused by the unavoidable
confound that many of the items contributing to dEEM also in-
volved more affect-biased attention (iEEM) during encoding.
Taken together, however, the ROI-based analyses suggest that the
neural correlates of iEEM and dEEM can be differentiated along
an anterior–posterior gradient from the amygdala to the hippo-
campus, as well as a left–right gradient across the amygdalae.

Figure 2. Mean amygdala and hippocampal activity associated with
iEEM and dEEM: Results of the ROI-based analyses. Mean activity across
all voxels in the left and right amygdala and side-matched hippocampus
ROIs. Immediate and delayed EEM are shown.
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Table 3. fMRI results

Peak coordinate Z (peak coordinate) Cluster size
Cluster size

exclusively masked

Main effect emotion
Amygdala R 20 −6 −12 Inf 263

L −20 −6 −14 Inf 243
vmPFC −2 48 −18 5.8 316
mPFC/anterior cingulate −6 50 20 Inf 3699
Inferior frontal R 52 38 4 Inf 1828

L −44 28 0 Inf 1347
Insula R 34 12 −20 5.71 22

L −30 8 −20 5.49 70
Thalamus R 6 −24 0 6.49 240

L −4 −14 2 5.61 124
Mid-posterior cingulate −4 −48 28 Inf 1966
Middle temporal R 50 −60 −2 Inf 1132

L −52 −64 4 Inf 1086
Fusiform R 42 −68 −12 Inf 506

L −40 −50−18 Inf 525
Supramarginal R 62 −22 30 7.46 414

L −62 −28 30 6.53 464
iEEM
Amygdala R 18 −2 −14 4.50 128 17

L −18 −2 −14 4.18 127 7
mPFC/anterior cingulate 10 40 6 3.89 324*
Insula R 32 18 −12 4.26 28*

40 10 −10 3.65 24*
L −36 12 −6 3.66 13*

Thalamus R 4 −10 0 3.84 88*
L −12 −4 6 3.48 48*

Middle temporal R 58 −24 −10 3.87 163* 163
L −46 −60 14 4.14 336* 336

Temporal pole L −38 12 −22 4.91 1310 209
dEEM
Hippocampus/amygdala L −22 −8 −16 4.46 141 73
mPFC/anterior cingulate R 10 46 6 4.13 67*

−2 44 24 4.57 78
L −10 40 6 4.77 385 201

Superior frontal 6 24 50 5.55 2226 1447
Middle frontal L −30 28 38 4.38 150* 150

−36 6 42 4.28 58* 58
R 40 10 38 4.24 132* 132

Insula R 38 −12 −4 4.80 59 35
42 16 −8 4.11 142*

L −38 20 −2 4.28 114* 105
Thalamus 2 −12 4 5.53 1649 120
Caudate R −10 6 6 5.21 93 65

L 16 −2 −18 4.43 68* 55
Inferior parietal R 62 −38 36 5.10 1423 832

L −58 −32 38 4.30 114* 404
Inferior frontal R 52 26 −4 5.81 1685 1571

L −38 28 −8 4.82 1316
Inferior temporal R 56 −62 −4 4.46 90* 90

L −58 −60 −10 4.03 175* 147
−46 −36 −20 3.98 14*

iEEM PPI with amygdala as seed
Fusiform R 28 −72 −10 5.96 823 27

L −26 −64 −8 6.08 755 34
Lingual R 14 −90 −2 5.17 220 19

L −22 −86 −8 5.13 517 40
Middle occipital R 32 −86 2 5.33 1311 59

L −28 −88 6 5.83 664
dEEM PPI with amygdala as seed
Hippocampus R 28 −34 −2 4.41 144 121

L −20 −28 −8 4.88 130 72
Fusiform R 38 −52 −20 4.59 553*

L −26 −60 −14 4.69 407
Lingual R 24 −82 −12 4.15 104*

L −32 −78 −16 4.69 407
Middle occipital R 42 −68 10 4.39 278*

L −38 −88 10 5.02 482
Inferior frontal R 52 18 22 3.73 82*

L −52 16 14 4.76 867 158

Continued
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This varying degree of involvement of the amygdalae and hippo-
campus for iEEM and dEEMwould be consistent with their relative
independence of each other, as shown by their low correlation
with each other (Schümann et al. 2017).

Results from the peak-based analyses, providing higher spatial
specificity, and subjected to the exclusive masking procedure, gen-
erally confirmed this pattern. In particular, a cluster in the right
amygdala was correlated only with iEEM, a cluster in the left amyg-
dala with both iEEM and dEEM, and a cluster in the left posterior
amygdala/anterior hippocampus correlating only with dEEM. We
did notfind (with the given spatial resolu-
tion) evidence for a functional differentia-
tion in the central, more dorsal, amygdala
previously suggested to be involved in
iEEM, and basolateral, more ventral,
amygdala involved in dEEM (Mackiewicz
et al. 2006). Instead, our data show an
overlap of left amygdala activity associat-
ed with both effects, similar to other re-
ports (Ritchey et al. 2008) and may
suggest, if anything, an anterior–posterior
dissociation. It should also be noted that
the more rigid statistical interaction tests
could not dissociate lateral contributions
of the amygdala to dEEM nor confirm
the exclusive contribution of the hippo-
campus to dEEM and not to iEEM.

The suggested functional laterali-
zation of the amygdala would be con-
sistent with previous reports of the
sex-dependent lateralization of dEEM.
Specifically, the left amygdala contributes
to dEEM only in women, whereas the
bilateral amygdala is associated with the
iEEM in both sexes (Cahill et al. 2001,
2004; Canli et al. 2002; Kilpatrick and
Cahill 2003; Mackiewicz et al. 2006).
Alternatively, the right amygdala was
claimed to be part of a rapid emotional
stimulus detection system, which would
be consistentwitha role in affect-basedat-
tention, whereas the left amygdala might
be specialized formore sustained respons-
es (Phillips et al. 2001; Wright et al. 2001;

Sergerie et al. 2008; Kohno et al. 2015). In line with a functional-
and/or sex-dependent lateralization of amygdala activity, rodents
show an anatomical lateralization of the amygdala which is in
part sex-dependent (Johnson et al. 2008, 2012; Pfau et al. 2016).

Not only did activity in the amygdala differ between iEEM
and dEEM, but its functional coupling with other cortical areas
were also modulated depending on the EEM. In particular, the
amygdalawas functionallymore strongly coupledwith visual areas
and the fusiform gyrus for iEEM and dEEM, and additionally with
the hippocampus for dEEM. Both activity patterns overlapped,

Table 3. Continued

Peak coordinate Z (peak coordinate) Cluster size
Cluster size

exclusively masked

α2B-adrenoceptor genotype effect (deletion > wild-type) on the main effect of emotional arousal
mPFC/anterior cingulate 4 44 20 4.80 1050
Hippocampus R 30 −32 −8 4.55 108

L −22 −28 −10 3.76 53
Insula R 40 −14 −2 3.85 18*

40 2 −16 3.82 23*
L −36 2 2 3.54 14*

Calcarine R 12 −72 6 4.55 76*
α2B-adrenoceptor genotype effect (wild-type > deletion) on the iEEM
Amygdala R 26 −2 −20 4.45 104

L −30 −6 −18 3.66 38
Insula R 36 2 −12 5.12 101

L −36 −10 −8 4.69 98*
mPFC/anterior cingulate −2 20 22 4.52 172

The number of voxels of activity clusters that survived the exclusive masking procedure with the opposite contrast are listed to show which clusters were predom-
inantly related to iEEM or dEEM. Peaks with a P < 0.001 uncorrected for multiple comparisons and minimum 10 voxel cluster extant are marked with a * (Cluster
inducing threshold of P < 0.001 uncorrected).

Figure 3. Amygdala activity associated with iEEM and dEEM: Results of the peak voxel-based analyses.
(Upper panel) Activity in the bilateral amygdala correlated with iEEM. (Lower panel) Activity in the left
amygdala/anterior hippocampus correlated with dEEM. Negative and neutral SMEs, i.e., activity
during subsequent hits minus misses, in the immediate (iSMEs) and delayed (dSMEs) tests are shown.
Importantly, parameter estimates are shown only for the peaks that survived the exclusive masking
with the opposing EEM contrast and therefore represent the largest observed differences between activ-
ities associated with iEEM and dEEM in the given brain areas. The solid bars represent the effect (iEEM or
dEEM) that was significant in the area plotted, the contour bars the effects used as exclusive mask.
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which might again be related to the confound that many pictures
involved both affect-biased attention and emotional synaptic tag-
ging. However, exclusive masking identified stronger coupling
with fusiform and visual areas for iEEM and only with the hippo-
campus for dEEM. The stronger coupling with visual areas during
successful encoding of negative than neutral pictures is consistent
with known affect-biased attention effects on visual processing, in
particular, the amygdala’s modulation of visual activity (Wendt
et al. 2011; Chen et al. 2014). In contrast, dEEM was associated
with greater coupling with the hippocampus, consistent with
amygdala modulation of emotional synaptic tagging (McIntyre
et al. 2012). Animal data also show that an electric stimulation of
the amygdala after processing neutral objects results specifically
in more effective consolidation via enhanced coupling with the
hippocampus (Manns and Bass 2016). Similarly, the strength of
connectivity of the amygdalawith the parahippocampal gyrus dur-
ing the processing of emotional pictures was associated with great-
er persistence of emotional memories over time (Ritchey et al.
2008).

Complementing the proposal that
the relative independence of the effects
of emotional arousal on iEEM and dEEM
is due to differences in amygdala activity
and coupling, on the neurobiological lev-
el, such independence can also be partly
explained by the involvement of different
adrenoceptor families or subtypes for
each EEM (Hein 2006). The role of the
α1- and β-adrenoceptor families, specifi-
cally in the effect of emotional arousal
on memory consolidation, has been well
established by a large body of pharmaco-
logical animal and human studies
(McIntyre et al. 2012; Lonergan et al.
2013). However, the α2-adrenoceptor
family might be predominantly involved

in processes underlying affect-biased attention. The role of the
α2-adrenoceptor family has been mainly studied using the
α2B-adrenoceptor deletion polymorphism, which is associated
with a less functional receptor and ismoreover in complete linkage
disequilibrium with a polymorphism in the promotor of the same
gene that results in less transcription (Crassous et al. 2010; Nguyen
et al. 2011). Deletion carriers show in one study greater amygdala
activity and in another study greater activity in medial prefrontal
as well as visual regions during processing of arousing stimuli
(Rasch et al. 2009; Todd et al. 2015), an effect that we also found
though not for the amygdala. Importantly, deletion carriers
show enhanced affect-biased attention (Todd et al. 2013), greater
iEEM in free recall (de Quervain et al. 2007) and enhanced recollec-
tion specifically for emotionally arousing items, which is consis-
tent with more selective attention during encoding (Todd et al.
2014). In contrast, several studies reported no effect of
α2B-adrenoceptor genotype on emotional memory consolidation
(Naudts et al. 2012; Todd et al. 2014, 2015).

Figure 4. Amygdala coupling related to iEEM and dEEM. (Left panel) The cluster in the left amygdala identified by the main effect of emotion (white
circle) served as seed region for the connectivity analyses. (Middle panel) The amygdala was more strongly coupled with the bilateral fusiform, lingual,
and middle occipital gyri during successful encoding related to iEEM. (Right panel) The amygdala was more strongly coupled with the bilateral hippocam-
pi, fusiform, lingual, middle occipital, and inferior frontal during processing of negative than neutral pictures that were successfully consolidated.
Importantly, the parameter estimates are shown for the peaks that survived the exclusive masking with the opposing EEM contrast and therefore represent
the largest observed difference between activities associated with iEEM and dEEM in the given brain areas. The solid bars represent the effect (iEEM or
dEEM) that was significant in the given area, the contour bars the effects used as exclusive mask.

Figure 5. Interaction of α2B-adrenocepor genotype and amygdala activity associated with iEEM.
Activity in the bilateral amygdala correlated more strongly with iEEM in wild-type than with
α2B-adrenocepor deletion carriers. Negative and neutral SMEs for iEEM are shown for both genotype
groups.
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In the current and preceding large-scale behavioral study, we
failed to replicate the larger iEEM in deletion carriers (as discussed
above), but deletion carriers showed a smaller iEEM-related neural
activity in the bilateral amygdala and insula. This neural activity
difference for iEEM, inparticular in thebilateral amygdala, supports
the hypothesis that the α2B-adrenoceptor is involved in affect-
biased attention but not emotional synaptic tagging. Moreover,
it is consistent with our proposal based on the results of the whole
sample that iEEM involves bilateral amygdala activity (Mackiewicz
et al. 2006).However, atfirst sight, the direction of the difference in
neural activity seems surprising because usually a behavioral effect
such as larger free recall iEEM in deletion carriers is associated with
greater neural activity. Several interpretations of this robust geno-
type effect on bilateral amygdala, insula, andmPFC/anterior cingu-
late activity are possible. One interpretation is that iEEM is the
interaction of emotional and neutral SMEs which themselves re-
flect the increase in activity during encoding that is necessary for
successful memory formation. The deletion polymorphism results
in fewer and less functional α2B-adrenoceptors, which might be
expressed also as presynaptic autoreceptors. Therefore, the deletion
variant results in an increased noradrenaline release, which ex-
plains the greater neural activity with emotional processing
weandothershaveobserved. According to theLocalHot Spotmod-
el, increase in noradrenaline release results in an enhanced
signal-to-noise ratio onlyat active synapses,which could in turn in-
crease encoding efficiency which might result in a smaller activity
increase is necessary for successful encoding (Mather et al. 2015).
Alternatively, the α2B-adrenoceptor could be expressed pre-
dominantly postsynaptically in the amygdala which would result
in less activity in response to arousal in the deletion carriers.
However, this interpretation does not seem to be supported by
the data because themain effect of emotion does not reveal greater
activity in wild-type participants in any brain region. Finally, the
deletion carriers showed greater emotional processing related activ-
ity in the mPFC/anterior cingulate. The mPFC is known to down-
regulate amygdala activity during emotional processing which
could explain the seemingly counterintuitive smaller iEEM in dele-
tion carriers (Kim et al. 2011).

Our replication of an effect of the α2B-adrenoceptor polymor-
phismon activity in the amygdala and other brain regions is also of
a more general interest for a characterization of the role of this re-
ceptor subtype which was difficult because a selective antagonist
was missing. Expression of this subtype was reported so far mostly
in the periphery (e.g., vascular tissues) and centrally only in the
spinal cord and thalamus. Consistent with this expression pattern,
the phenotypes of α2B-adrenoceptor knockout mouse were de-
scribed with respect to physiological parameters such as blood
pressure (Bhalla et al. 2013). Only recently, it was shown that the
α2B-adrenoceptor is more widely expressed in the brain and a role
in gating and filtering of incoming sensory information has been
suggested based on the behavioral phenotype of the knockout
mice (Luhrs et al. 2016). The association of the α2B-adrenoceptor
polymorphism with effect-biased attention related neural activity
is somewhat supportive for this proposed function.

In conclusion, we replicated our previous behavioral finding
that iEEM and dEEM where nearly uncorrelated across partici-
pants, suggesting these EEMs have distinct neural substrates.
Although mean EEMs of the whole sample were of the same mag-
nitude as 3.5 yr ago, only dEEM was weakly correlated across time
points, suggesting EEMs are not reliable or stable, at least when as-
sessed by recognition tests. On the neural level, we observed a lat-
eralized amygdala involvement. Specifically, whereas iEEM was
associated with bilateral amygdala activity, dEEM was only asso-
ciated with left and partly more posterior amygdala activity. This
is consistent with previous reports of sex- and/or function-
dependent amygdala lateralization. During successful immediate

emotional memory formation, the amygdala was functionally
more coupledwith visual areas, consistent with affect-biased atten-
tional modulation of visual processing. During successful delayed
memory formation, the amygdala was more functionally coupled
with the hippocampus, consistent with emotional synaptic tag-
ging. The relatively lower iEEM-related activity in the bilateral
amygdala in deletion carriers suggests that this receptor family is
involved in affect-biased attention but not emotional synaptic tag-
ging and is consistent with the proposal that bilateral amygdala is
involved in such attention. Taken together, the current data sug-
gest that the processes and underlying neural substrates of iEEM
and dEEM differ which would explain their relative independence
on the behavioral level. Moreover, the differential activity in the
amygdala and hippocampus but also their couplingwith other cor-
tical areas might be explained by different adrenoceptor families
involved in the different EEMs.

Materials and Methods

Participants
Seventy female participants (mean age 28 yr, range 22–38 yr) who
had participated in the large behavioral study 3 yr 5 mo earlier on
average (range 1 yr 4 mo–5 yr 10 mo) were recruited. Data acquisi-
tion failed for one participant due to equipmentmalfunction, leav-
ing a sample of 69. The study was approved by the local ethics
committee of the Hamburg Board of Physicians in Germany. All
participants signed informed consent and were paid E10 per
hour for participating.

Emotional memory paradigm
Participants studied 80 neutral and 80 negatively arousing scenes
in the MRI scanner. Scenes were drawn from a set of 160 neutral
and 160 negative scenes. Only negative, that is no positive, pic-
tures were contrasted with neutral ones to increase statistical pow-
er, as negative and positive EEMs partially rely on distinct
mechanisms and neural substrates (Talmi et al. 2007; Mickley
Steinmetz and Kensinger 2009; Mickley Steinmetz et al. 2010).
Each trial consisted of picture presentation (2 sec), followed by rat-
ing of the suitability of the picture for a magazine like National
Geographic (2 sec), an active baseline task (pointing arrows, 4
sec), and a jittered fixation period (0.95 to 3.05 sec). This resulted
in trial lengths varying from about 9 to 12 sec. The trial structure,
including the active baseline task, was very similar to what was
used in our previous large-scale behavioral study. The presentation
rate of the pictures was slow enough to allow PPI analyses (Friston
et al. 1997; Gitelman et al. 2003). At the end of this encoding peri-
od in the MRI scanner, participants completed 3 min of a mental
rotation task outside of the scanner to clear working memory.
They then completed a recognition test with a six-point confi-
dence scale (six high confidence new, one high confidence old)
for half of the pictures, randomly intermixed with the same num-
ber of unseen pictures as lures. A second recognition test for the re-
maining pictures followed about 24 h later. At the conclusion of
the study, participants rated the subjective valence and arousal of
the pictures on the nine-step Self-Assessment Manikin (Bradley
and Lang 1994), which confirmed that the negative pictures were
experienced as more negative and more arousing than the neutral
ones, with mean valence for negative pictures 2.9 (SD 0.7), neutral
6.6 (SD 1.1), t(68) =−24,43, P < 0.0001; mean arousal for negative
pictures 6.3 (SD 1.2), neutral 2.6 (SD 1.1), t(68) = 23,00, P < 0.0001.

Memory consolidation occurs mostly during slow wave sleep
at night and its efficiency is related to sleep spindle number and
duration (Dudai et al. 2015). In our previous large-scale behavioral
study, sleep duration and quality was assessed using Actiwatches,
as well as subjective reports on the German version of the sleep
quality scale (SFA). Sleep duration and quality did not correlate
with dEEM (duration r = 0.06, P = 0.14; quality r = 0.04, P = 0.37;
questionnaire r = 0.02, P = 0.69; unpublished observations). We
concluded that these rather superficial measures might not be
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related to the critical variables sleep spindle number and duration.
We therefore did not assess sleep duration and quality in the cur-
rent fMRI study.

Neuroimaging
Event-related functional whole brain MRI was performed on a 3
Tesla system (Siemens Trio) with a T2*-weighted echo planar imag-
ing sequence in 38 contiguous axial slices (3-mm thickness with
1-mm gap; TR 2.21 sec; TE 30 msec; flip angle 80°; FOV 216 ×
216; matrix 72 × 72). In order to minimizemovement, we acquired
four rather short runs of 205 volumes. For spatial normalization, a
high-resolution T1-weighted structural MR image was acquired
with a 3DMPRAGE sequence (TR 2300msec, TE 2.89msec, flip an-
gle 9°, 240 1-mm slices, FOV 256 × 192).

Statistical parametric mapping (SPM12; Wellcome Depart-
ment of ImagingNeuroscience)was used to preprocess and analyze
the fMRI data. The first five volumes of each run were discarded to
account for spin saturation effects. The fMRI data were slice-time
corrected, realigned and corrected for susceptibility-by-movement
artifacts using the Realign and Unwarp function as implemented
in SPM12. T1 images were then coregistered to the individual
mean functional image, segmented and normalized using the
DARTEL toolbox to create individual flow fields. Flow fields were
used to normalize the functional images to MNI space. Finally, im-
ages were smoothed with a full-width half-maximum Gaussian
kernel of 8 mm.

The four runs of each participant were concatenated for the
first-level models. Each participant’s fMRI data was modeled using
a general linear model (GLM) with the following regressors: two
emotional arousal (neutral versus negative) × 2 subsequent memo-
ry (subsequent hits versus misses) × 2 delay period (immediate ver-
sus delayed). Regressors were created by convolving the respective
onset vectors (i.e., in an event-related manner) with the canonical
hemodynamic response function. Run-specific constants were in-
cluded in the model. To remove movement-related artifacts, nui-
sance regressors were created for images with movements >0.2
mm/TR. No participant had to be excluded due to excessive move-
ment. The time series were corrected for baseline drifts by applying
a high-pass filter (128 sec) and for serial dependency using anAR(1)
autocorrelation model. Both corrections were done within runs.
The β images corresponding to the regressors of interest for all par-
ticipants were then included in a group-level GLM. Some partici-
pants had none or only few trials in one of the immediate miss
conditions. We did not exclude these participants from the
second-level analysis because this would have biased the sample
toward participants with worse memory performance. However,
the variance of the parameter estimates of these conditions was ex-
pected to be higher, thus violating the i.i.d.-assumption. Unequal
variances were dealt with by using the nonsphericity correction, as
implemented in the flexible factorial second level model of SPM.

We adopted both an ROI- as well as a peak-based approach to
characterize brain activity associated with iEEM and dEEM. In the
ROI-based approach, mean parameter estimates were calculated
from all voxels in anatomical masks of the left and right amygdala
and the left and right hippocampus for all conditions. The iEEMs
(interaction of arousal and subsequent memory success for imme-
diately tested pictures) and dEEMs (the same interaction for the de-
layed tested pictures) were then contrasted outside of SPM in a
GLMwith the within-subjects factors of brain structure (amygdala
versus hippocampus), hemisphere, and delay.

The peak voxel-based approach was conducted to gain spatial
specificity within the ROIs, e.g., to potentially differentiate differ-
ent response profiles with the amygdala, and to facilitate whole
brain analyses. High spatial specificity could be critical in differen-
tiating the neural correlates of iEEM and dEEM because of the pre-
viously mentioned design-inherent challenge that many of the
immediately tested items would have been remembered also on
the next day and vice versa. Areas where activity correlated with
emotion irrespective of encoding success were identified by the
main effect of emotion, which reflected processing of negative
and neutral pictures. To identify areas where activity correlated
with iEEM, the interaction of encoding success and emotional

arousal was computed for the immediately tested pictures, as was
done for the ROI analyses. The same interactionwas similarly com-
puted for dEEM by taking pictures tested after 24 h. In order to
identify areas predominantly involved in the immediate versus
delayed EEM, we computed the interactions between iEEM and
dEEM. However, to deal with the complication that both processes
are innate to the affective processing of many pictures, making
their separation difficult even with large samples, we also used a
masking approach where we exclusively masked each contrast
with the other (using a liberal threshold of P < 0.05 uncorrected).
To locate areas where activity is associated with both iEEM and
dEEM, we performed a conjunction analysis.

PPI analyses were conducted, as implemented in SPM12
(Friston et al. 1997), to assess differences in the functional coupling
of the amygdala between successfulmemory formation of negative
and neutral pictures. We specifically tested with which brain areas
was the part of the amygdala identified in emotional processing
(seed region: main effect of emotion threshold at P < 0.001, peak
xyz = [−20 −6 −14], Z = inf, 243 voxels) more strongly coupled
when processing negative rather than neutral pictures during suc-
cessful immediate and delayedmemory formation. The first eigen-
variate of the time series was extracted from the amygdala seed
region for the immediate and delayed test and as well as for the in-
teraction of successful encoding of negative versus neutral pictures,
after adjusting for effects of no interest (including session con-
stants and high-pass filter). These two time series were fed into
new first-level models similar to the above described ones as addi-
tional regressors, and the parameter estimates of the interaction re-
gressors were used in a second-level analysis. Again, an exclusive
masking procedure (P < 0.05, uncorrected) was adopted in order
to identify areas more strongly coupled for immediate rather
than delayed EEM and vice versa.

To assess genotype-dependent differences in brain activity,
we contrasted deletion carriers (homo- and heterozygote) versus
homozygote wild-type for the α2B-noradrenergic receptor poly-
morphismby adding genotype group as a factor to the second-level
analysis (Rasch et al. 2009; Urner et al. 2011; Todd et al. 2015).
Interactions between genotype and the main effect of emotion,
as well as with the interaction contrasts representing iEEM and
dEEM, were computed.

All voxel coordinates are given in MNI space. Results of all
analyses were considered significant at P < 0.05, peak voxel family-
wise error corrected for multiple comparisons within previously re-
ported regions involved in EEM.Wehypothesized that the primary
brain regions associated with the EEMs would be the amygdala,
and hippocampus as well as for the PPI analyses the fusiform, lin-
gual, and middle occipital gyrus (Kensinger and Schacter 2007;
Ritchey et al. 2011). Bilateral anatomical masks were created from
the Automatic Anatomic Labeling toolbox for small volume correc-
tion (Tzourio-Mazoyer et al. 2002). Peaks of activity that survive
family-wise error correction for the entire scan volume are report-
ed. Finally, for exploratory reasons and to allow for subsequent
meta analyses (Hayasaka and Nichols 2004), we also report peaks
at a more lenient voxelwise statistical threshold of P < 0.001, un-
corrected for multiple comparisons, and in a cluster with mini-
mum 10 voxels are also listed (and clearly marked) in the tables.
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