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Abstract Research has investigated how sleep affects emo-
tional memory and how emotion enhances visual processing,
but these questions are typically asked by re-presenting an
emotional stimulus at retrieval. For the first time, we investi-
gate whether sleep affects neural activity during retrieval
when the memory cue is a neutral context that was previously
presented with either emotional or nonemotional content dur-
ing encoding. Participants encoded scenes composed of a neg-
ative or neutral object on a neutral background either in the
morning (preceding 12 hours awake; wake group) or evening
(preceding 12 hours including a night of sleep; sleep group).
At retrieval, participants viewed the backgrounds without
their objects, distinguishing new backgrounds from those pre-
viously studied. Occipital activity was greater within the sleep
group than the wake group specifically during the successful
retrieval of neutral backgrounds that had been studied with
negative (but not neutral) objects. Moreover, there was en-
hanced connectivity between the middle occipital gyrus and
hippocampus following sleep. Within the sleep group, the

percentage of REM sleep obtained correlated with activity in
the middle occipital gyrus, lingual gyrus, and cuneus during
the successful retrieval of neutral backgrounds previously
paired with negative objects. These results confirm that emo-
tion affects neural activity during retrieval even when the cues
themselves are neutral, and demonstrate, for the first time, that
this residual effect of emotion on visual activity is greater after
sleep and may be maximized by REM sleep.
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The retrieval of emotional memories is associated not only
with limbic engagement but also with strong engagement of
sensory regions (Keightley, Chiew, Anderson, & Grady, 2011;
Kensinger & Schacter, 2007; Mitchell, Mather, Johnson,
Raye, & Greene, 2006). The majority of this work has inves-
tigated emotional memory retrieval using emotional cues (i.e.,
the emotionally salient word or image that was presented dur-
ing encoding; reviewed by Buchanan, 2007). Additional stud-
ies have, however, shown that the retrieval of neutral informa-
tion that was once presented in an emotional context is also
associated with enhanced limbic and sensory processing. For
example, Smith, Henson, Dolan, and Rugg (2004) found that
recognition of neutral images previously encoded in an emo-
tional relative to neutral context was associated with enhanced
activity in regions associated with episodic memory (e.g.,
parahippocampal cortex, hippocampus, prefrontal cortex), as
well as in emotion processing regions, including the amygda-
la, orbitofrontal cortex, and anterior cingulate cortex (Smith
et al., 2004). Maratos, Dolan, Morris, Henson, and Rugg
(2001) similarly found increased activity in emotion process-
ing regions (e.g., amygdala, insula), memory retrieval regions
(e.g., hippocampus, parahippocampal gyrus), and also sensory
regions (i.e., cuneus, precuneus, lingual gyrus) during the
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retrieval of words that had been studied in a negative relative
to a neutral context (Maratos et al., 2001). These results pro-
vide evidence of residual emotion effects on neural processes,
even when the retrieval cue is neutral.

There are a number of reasons why information encoded in
a negatively emotional context would be associated with more
sensory activity at retrieval than information encoded in a
neutral context. Negative emotion enhances perceptual pro-
cessing (e.g., Todd, Talmi, Schmitz, Susskind, & Anderson,
2012; Zeelenberg, Wagenmakers, & Rotteveel 2006), and
viewing emotionally salient images is associated with in-
creased activity in the striate (Bradley et al., 2003; Padmala
& Pessoa, 2008) and extrastriate visual cortex (Bradley et al.,
2003; Lang et al., 1998; Sabatinelli, Bradley, Fitzsimmons, &
Lang, 2005; Vuilleumier, Richardson, Armony, Driver, &
Dolan, 2004). This sensory activity can be recapitulated
at retrieval, with emotion enhancing the similarity be-
tween encoding and retrieval patterns in many visual pro-
cessing regions, including the superior, middle, and infe-
rior occipital gyri, cuneus, and lingual gyrus (Ritchey,
Wing, LaBar, & Cabeza, 2013). This similarity between
encoding and retrieval is mediated by the hippocampus,
providing evidence for hippocampal–cortical interactions
during retrieval (Ritchey et al., 2013).

This study assesses the novel question of whether sleep
influences the degree to which sensory activity is evoked dur-
ing the retrieval of neutral information that had previously
been studied in an emotional context. It is well documented
that sleep affects emotional reactivity, although the direction
of that influence is still debated: Sleep has been shown to
potentiate (e.g., Wagner, Gais, & Born, 2001), preserve (e.g.,
Baran, Pace-Schott, Ericson, & Spencer, 2012), and
depotentiate (e.g., Cunningham et al., 2014; van der Helm
et al., 2011) the affective response to emotional stimuli during
retrieval. These studies typically use emotional cues during
retrieval to assess this question, primarily investigating how
amygdala activity and connectivity with other emotional pro-
cessing regions (such as the ventromedial prefrontal cortex;
Sotres-Bayon, Bush, & LeDoux, 2004) during the retrieval of
emotional stimuli differs following a period of sleep relative to
wake or sleep deprivation. However, it has not been examined
whether sleep would also alter the neural mechanisms active
during retrieval of neutral information that was previously
seen in an emotional versus neutral context, nor how sleep
may affect the engagement of sensory regions during the re-
trieval of these stimuli.

On one hand, sleep may decrease the engagement of sen-
sory regions during the retrieval of neutral information that
was previously presented with emotional relative to neutral
information. The sleep-to-forget, sleep-to-remember (SFSR)
hypothesis (van der Helm & Walker, 2009) proposes that
sleep serves to reduce the emotional tone associated with a
memory yet preserves the content of that episode. Given that

negative emotion is related to increased activation of visual
regions during retrieval (e.g., Keightley et al., 2011;
Kensinger & Schacter, 2007; Mitchell et al., 2006) and emo-
tional arousal enhances the similarity between neural mecha-
nisms active during encoding and retrieval (Ritchey et al.,
2013), the SFSR hypothesis might suggest a decrease in ac-
tivity to neutral stimuli originally paired with emotional con-
tent following sleep. If the emotion associated with a neutral
cue were dampened by sleep, this would likely result in less
sensory activation.

Alternatively, given that sleep has been shown to alter as-
sociative memory networks and to restructure information in
adaptive ways (e.g., Ellenbogen, Hu, Payne, Titone, &
Walker, 2007; Payne, 2011; Walker & Stickgold, 2010), one
might expect to observe enhanced residual effects of emotion
following a period of sleep. These effects may be reflected in
increased visual activity, with some work showing that syn-
aptic potentiation in the visual cortex occurs during sleep
(Aton et al., 2009), and that this strengthening of synapses
may promote sleep-dependent consolidation. In addition, it
has been proposed that the coordinated replay of events in
the sensory cortex and hippocampus during sleep may con-
tribute to or reflect the result of memory consolidation (Ji &
Wilson, 2007). In support of this idea, Sterpenich et al. (2013)
showed that cortical responses during retrieval were enhanced
following the reactivation of memories during REM sleep
(i.e., by re-presenting auditory cues that were pairedwith faces
during encoding). This enhancement of visual activity in re-
sponse to the faces presented during retrieval may be specific
to REM sleep, as reactivation during Stage 2 sleep resulted in
neither enhanced recollection nor cortical activity during re-
trieval (Sterpenich et al., 2013; see also Payne, 2014a, for
discussion). Although a wealth of literature has shown that
sleep (and particularly REM sleep) enhances emotional mem-
ory consolidation (e.g., Baran et al., 2012; Nishida, Pearsall,
Buckner, & Walker, 2009; Payne et al., 2015; Payne,
Stickgold, Swanberg, & Kensinger, 2008; Wagner et al.,
2001), and that sleep refines and centers the emotional mem-
ory retrieval network on limbic regions (Payne & Kensinger,
2011; Sterpenich et al., 2009), when the emotional element of
the scene is removed (i.e., when context is the cue), the effects
of sleep on retrieval-related activity may be reflected in visual
rather than limbic activity.

This study sought to determine how sleep influences neural
activity during the retrieval of neutral backgrounds that had
been presented with negative relative to neutral foreground ob-
jects during encoding. In other words, even though all back-
groundswere neutral in valence, would the analysis of retrieval-
related activity to backgrounds show any “emotional residue,”
differentiating between backgrounds that were previously pre-
sented with a negative versus neutral object during encoding? If
so, might this depend on whether participants sleep or stay
awake during the consolidation interval? Because sleep is
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known to enhance V1 response potentiation (Aton, Suresh,
Broussard, & Frank, 2014), and because emotional images un-
dergo enhanced perceptual processing (e.g., Todd et al., 2012;
Zeelenberg et al., 2006), we had an a priori interest in visual
regions. We hypothesized that participants who slept between
encoding and retrieval would show enhanced visual activity
during the retrieval of neutral backgrounds that were paired
with negative (but not neutral) objects during encoding, relative
to those who stayed awake. We also hypothesized that this
effect would be specifically linked to REM sleep, as prior work
has shown that REM sleep plays an active role in emotional
memory consolidation (Baran et al., 2012; Nishida et al., 2009;
Payne, Chambers, & Kensinger, 2012; Wagner et al., 2001).
Memory reactivation during REM sleep of auditory cues asso-
ciated with emotional faces during encoding has been shown to
increase cortical activity during retrieval (Sterpenich et al.,
2013), providing further evidence that REM sleep transforms
memories, often favoring schematization, generalization, and
the integration of new memories with existing memories, pri-
marily within corticocortical networks (Payne, 2011, 2014a, b;
Walker & Stickgold, 2010). Finally, we hypothesized that this
enhancement in visual activity during retrieval following sleep
may be driven by increased connectivity between visual re-
gions and the hippocampus (e.g., Ritchey et al., 2013), and as
such, we focus on visual and medial temporal lobe (MTL)
regions. Because these neutral backgrounds are presented dur-
ing retrieval without the embedded negative or neutral object
with which they were originally studied (counterbalanced
across participants), differences in neural activity during re-
trieval will be attributed to differences in the type of object the
backgrounds were paired with during encoding. Further, a
comparison of neural activity following sleep versus wakeful-
ness will elucidate the effects of sleep during a delay that
allowed time for consolidation (hereafter referred to as “dur-
ing consolidation”) on subsequent retrieval-related activity of
neutral backgrounds that were previously studied with emo-
tional versus neutral content.

Method

Participants

Participants were 47 right-handed native English speakers (18
to 34 years old,M= 22.7) with normal or corrected-to-normal
vision who were tested as part of a larger study investigating
the effects of sleep and cortisol on emotional memory
(Bennion, Mickley Steinmetz, Kensinger, & Payne, 2014,
2015). This study includes all memory measures and models
all fMRI data. Participants were screened for neurological,
psychiatric, and sleep disorders, and for medications affecting
the central nervous system or sleep architecture. They also
were required to sleep for at least 7 hours a night and be in

bed by 2:00 am for the five nights leading up to the study;
participants kept a sleep log during these five nights. Informed
consent was obtained in a manner approved by the Boston
College Institutional Review Board.

Participants were assigned to either the sleep or wake
group, which were scheduled simultaneously. Although full
random assignment was not possible due to class schedules
and other scheduling conflicts, we ensured that the groups did
not differ in scores on the Morningness-Eveningness
Questionnaire (Horne & Ostberg, 1976; p = .25), thus mini-
mizing concerns about time of day preference effects between
groups. To minimize the possibility that any differences be-
tween the sleep and wake groupswere due to circadian effects,
two additional groups of participants, who viewed and were
tested on the stimuli after a 20-minute delay either in the
morning (morning short delay; N = 23) or evening (evening
short delay; N = 23), were also tested. No effects of circadian
time were revealed in behavior (see Table 1), and as such, data
from only the sleep and wake groups are reported here (but see
Footnote 1 for comment on short delay groups).

Conditions

There were 26 participants (13 female) in the sleep condition,
and 21 participants (10 female) in the wake condition.
Participants in these groups were matched on a number of
factors, including age (p = .42) and scores on the Beck
Depression Inventory (BDI; Beck & Beamesderfer, 1974; p
= .69) and Beck Anxiety Inventory (BAI; Beck, Epstein,
Brown, & Steer 1988; p = .51). Participants in the wake con-
dition viewed the stimuli in the morning (7:00–10:00 a.m.)
and were tested 12 hours later following a full day of wake-
fulness; all participants stated that they did not nap between
sessions. Participants in the sleep condition viewed the stimuli
in the evening (8:00–10:00 p.m.) and were tested 12 hours
later, following a full night of polysomnographic (PSG) mon-
itored sleep in the laboratory. Sleep amount, as measured by
PSG for the sleep group and self-report for the wake group,
was statistically equivalent between groups the night before
retrieval (sleep: M = 7.02, SD = .86; wake: M = 6.89, SD =
1.46), t(45) = .39, p = .70).

Encoding procedure

During encoding, participants studied 124 composite scenes
for 3 seconds each. These scenes were composed of either a
negative object or a neutral object (62 each; counterbalanced
across participants) placed on a plausible neutral background.
By “plausible,”wemean that either version of the scene could
theoretically be observed in real life; for instance, an avenue
would be a plausible neutral background for both a taxi cab
(neutral) and taxi cab accident (negative). Objects had been
previously rated for valence and arousal by young and older
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adults, with negative objects rated as highly arousing and low
in valence and neutral objects rated as nonarousing and neutral
in valence (see Kensinger, Garoff-Eaton, & Schacter, 2007,
and Waring & Kensinger, 2009, for more detail on how these
objects were rated). Participants in the present study also gave
valence and arousal ratings for the objects at the end of the
study on a 7-point Likert scale (1 = low; 7 = high); their ratings
confirmed that negative objects were highly arousing and low
in valence (arousal: M = 5.33, SD = 1.35; valence: M = 2.58,
SD = 1.37) and that neutral objects were nonarousing and
neutral in valence (arousal: M = 3.85, SD = 1.23; valence: M
= 4.44, SD = 1.14).

To ensure that participants were actively thinking about
each scene, participants indicated whether they would ap-
proach or back away from the scene if they encountered it in
real life (as in Payne & Kensinger, 2011). This task was cho-
sen because it requires participants to think about their reac-
tions to the scenes, a type of self-referential processing that is
likely to lead to deeper encoding (Symons & Johnson, 1997).
Following this approach or back-away decision, a fixation
cross was presented at variable interstimulus interval (ISI)
durations (mean ISI = 3.87 s; range: 3–12 s) or was triggered
to advance to the next trial upon participants’ fixation, as
measured via eye tracking; this varied across trials. Although
participants encoded stimuli outside of the scanner, the vari-
able ISIs were designed to mimic the jitter required to isolate
the hemodynamic response to each stimulus necessary in an
event-related fMRI design (Dale, 1999; note that participants
in the present study underwent fMRI during retrieval).
Encoding occurred in two blocks of 62 images each with a
short (~10–60 second) break between blocks, with negative
and neutral scenes randomly intermixed within each block.

Recognition procedure

Following the 12-hour delay, participants performed an unex-
pected recognition task. They viewed objects and back-
grounds, presented separately and one at a time for 2.5 seconds
each, and indicated whether each was “old” (included in a
previously studied scene) or “new” (not previously studied).
On the recognition test were 124 old objects (62 negative, 62
neutral), 124 old backgrounds (62 studied with a negative
object, 62 studied with a neutral object), 124 new objects
(62 negative, 62 neutral), and 124 new backgrounds (by

definition, all neutral). These were presented in a pseudoran-
dom order for each participant, as determined by the program
optseq (written by Doug Greve), to optimize jittering within
the fMRI environment and to ensure that each particular trial
type (e.g., new background) is equally likely to have been
proceeded by all of the other trial types. Following each rec-
ognition decision, a fixation cross was presented at variable
ISI durations (mean ISI = 3.87 s, range: 3–15 s). Analyses in
the current study focus on participants’ memory for back-
grounds, which, at the time of retrieval, are neutral in valence
(i.e., these backgrounds are presented during retrieval without
the negative or neutral foreground object that they were paired
with during encoding, and participants who have never seen
these backgrounds before rate them as neutral).

FMRI image acquisition and preprocessing

Data were acquired on a 3.0 T Siemens Trio Scanner (Trio,
Siemens Ltd., Erlangen, Germany) using a standard 12-
channel head coil. The stimuli were projected from a
Macintosh MacBook to a color LCD projector that projected
onto a screenmounted in the magnet bore. Participants viewed
the screen through a mirror located on the head coil.

Anatomical images were acquired using a high-resolution
3-D multiecho magnetization prepared rapid acquisition gra-
dient echo sequence (MEMPRAGE; repetition time =
2,200 ms; echo times = 1.64 ms, 3.5 ms, 5.36 ms, 7.22 ms;
flip angle = 7 degrees; field of view = 256 × 256 mm; acqui-
sition matrix 256 × 256; number of slices = 176; 1 × 1 × 1-mm
resolution). Coplanar and high-resolution T1-weighted
localizer images were acquired. In addition, a T1-weighted
inversion recovery echo-planar image was acquired for auto
alignment.

Functional images were acquired via a T2*-weighted EPI
sequence sensitive to the blood-oxygen level-dependent
(BOLD) signal, with a repetition time of 3,000 ms, an echo
time of 30 ms, and a flip angle of 85 degrees. Forty-seven
interleaved axial-oblique slices (parallel to the line between
the anterior and the posterior commissures) were collected in a
3 × 3 × 3-mm matrix.

Preprocessing and data analysis were completed using
SPM8 (Statistical Parametric Mapping; Wellcome
Department of Cognitive Neurology, London, UK). Slice time
correction was completed, and motion correction was run,

Table 1 Mean (SD) hit and false alarm (FA) memory performance for backgrounds as a function of group and object valence during study

Negative encoding context hits Neutral encoding context hits False alarms (collapsed across valence)

Sleep .40 (.13) .51 (.16) .09 (.07)

Wake .38 (.13) .47 (.18) .10 (.07)

Morning short delay .48 (.12) .63 (.15) .11 (.11)

Evening short delay .50 (.13) .63 (.15) .09 (.06)
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using a six-parameter, rigid-body transformation algorithm by
SPM8. The images were normalized to the Montreal
Neurological Institute (MNI) template. The resultant voxel
size was 3 × 3 × 3 mm, and spatial smoothing was completed
at a 6-mm isotropic Gaussian kernel. Global mean intensity
and motion outliers were identified using Artifact Detection
Tools (ART; available at www.nitrc.org/projects/artifact_
detect). Global mean intensity outliers were those scans with
a global mean intensity that differed by more than 3 standard
deviations from the mean. Acceptable motion parameters
were set to ±5 mm for translation and ±5 degrees for
rotation, and only scan runs with fewer than 10 total outliers
were included in the analysis.

Event-related fMRI data analysis

At the first level of analysis for each subject, the regressors of
interest were the time points when studied backgrounds were
viewed, broken down by background memory (hits vs. mis-
ses) and object valence (whether the neutral background
shown during retrieval was paired with a negative vs. neutral
object during encoding). Specifically, this included hits to
backgrounds paired with negative objects, misses to back-
grounds paired with negative objects, hits to backgrounds
paired with neutral objects, and misses to backgrounds paired
with neutral objects. The first-level model also included the
following regressors of no interest: Hits and misses to objects
were modeled separately (hits to negative objects, misses to
negative objects, hits to neutral objects, misses to neutral ob-
jects), and instances where new items were presented (false
alarms and correct rejections) were modeled together.
Additionally, a regressor accounting for linear drift was includ-
ed. Motion parameters were not included as nuisance regres-
sors, nor were time or dispersion derivatives included in addi-
tion to the canonical HRF hemodynamic response function.

At the first level of analysis, two contrast analyses were
run. The first contrast compared hits to misses for back-
grounds paired with negative objects. The second contrast
compared hits to misses for backgrounds paired with neutral
objects.

At the second-level group analysis, we ran an ANOVA
to examine the effect of group (sleep vs. wake) on the
activity associated with successful retrieval of back-
grounds paired with negative objects (i.e., the first, first-
level contrast noted above). Second, we ran a regression
analysis, within the sleep participants, to examine the re-
lation between REM sleep and activity associated with
this successful retrieval (i.e., the effect of a REM regres-
sor on activity in that first, first-level contrast). Third, we
ran an ANOVA to examine the effect of study valence
(negative vs. neutral) on the activity within the sleep
group (i.e., comparing activity in the two contrast analy-
ses that had been run at the first level). In all analyses,

only regions that consist of at least nine contiguous
voxels, with peak activity at p < .005, are reported in
the results. This was determined by a frequently used (e.g.,
Cairney, Durrant, Power, & Lewis, 2014; Gutchess, Welsh,
Boduroĝlu, & Park, 2006; Zaki, Davis, & Ochsner, 2012)
Monte Carlo simulation that takes into account the
smoothness of the data and the normalized voxel size to correct
for multiple comparisons at p < .05 (script downloaded from
https://www2.bc.edu/~slotnics/scripts.htm; see Slotnick, Moo,
Segal, & Hart, 2003).

To minimize the likelihood of reporting false-positive re-
sults, we only report activity within our a priori regions of
interest within the visual system and MTL in the Results sec-
tion. All regions are listed in the tables and depicted in the
figures.

GPPI connectivity analysis

We used the generalized psychophysiological interactions
(gPPI; http://brainmap.wisc.edu/PPI; McLaren, Ries, Xu, &
Johnson, 2012) toolbox in SPM8 to examine connectivity
between the occipital lobe and MTL regions during the
successful retrieval of neutral backgrounds that were paired
with negative versus neutral objects during encoding. For each
participant, we created a single gPPI model including the
following four regressors: Hits to backgrounds studied with
negative objects (“negative contexts”), misses to backgrounds
studied with negative objects, hits to backgrounds studied
with neutral objects (“neutral contexts”), misses to
backgrounds studied with neutral objects. Within each
model, we looked at the following contrasts: Hits to
negative contexts > Misses to negative contexts, Hits to
neutral contexts > Misses to neutral contexts, Hits to
negative contexts > Hits to neutral contexts, Hits to
negative contexts > Baseline, Hits to neutral contexts >
Baseline. To identify a seed region, we chose the middle
occipital gyrus because it was significant in all three
analyses that we conducted (see Tables 2a, 3, and 4a for
a description of these analyses). Having hypothesized a
particular role of REM sleep in enhancing visual activity
during the retrieval of negative contexts following sleep,
we chose a seed region centered at 30 -84 -8 (BA18)
because activity here correlated with participants’ percent-
age of REM sleep obtained during consolidation; prior
work has shown that REM sleep enhances cortical re-
sponses during retrieval and that the middle occipital gy-
rus (MOG) is involved in processing emotion (Sterpenich
et al., 2013). We then created a volume of interest (VOI)
for each subject by creating a 6-mm sphere around this
voxel, and used the gPPI toolbox to extract data from
each participant’s individualized activity within the 6-
mm sphere and estimate functional connectivity between
this region and the whole brain during retrieval. We
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Table 2 Activity greater in the sleep group than wake group (a) and the wake group greater than sleep group (b) during the successful retrieval of
neutral backgrounds presented with negative objects during encoding

Region Subregion Approximate Brodmann area (BA) MNI coordinates
(x, y, z)

TAL coordinates
(x, y, z)

t value Cluster size
(no. voxels)

a

Sleep > wake: Successful retrieval-related activity to negative encoding contexts

Occipital lobe Middle occipital gyrus 18 -38 -92 -2 -38 -89 3 3.40 34

Occipital lobe Middle occipital gyrus 19, spanning 18 40 -82 -2 40 -82 2 3.09 13

Occipital lobe Lingual gyrus 18 30 -72 -10 30 -70 -5 3.35 135

Occipital lobe Lingual gyrus 17 *-18 -88 -8 -18 -82 -2 3.32 34

Occipital lobe Lingual gyrus 19 22 -66 -6 22 -64 -2 3.02 13

Occipital lobe Inferior occipital gyrus 19 -40 -74 -6 -40 -72 -1 2.90 11

Frontal lobe Medial frontal gyrus 6 -10 -12 52 -10 -9 48 3.25 10

Frontal lobe Middle frontal gyrus 9 -40 10 28 -40 11 25 3.09 68

Frontal lobe Precentral gyrus 6 52 -14 36 51 -12 34 2.92 9

b

Wake > sleep: Successful retrieval-related activity to negative encoding contexts

Temporal lobe Parahippo campal gyrus 37 -38 -36 -8 -38 -35 -5 4.08 38

Temporal lobe Middle temporal gyrus 19 -30 -56 10 -30 -54 12 3.41 26

Temporal lobe Hippocampus NA 34 -46 6 34 -44 8 3.10 21

Insula NA 13 26 -36 22 26 -34 22 3.43 26

Caudate Caudate body NA -12 -8 24 -12 -7 22 3.09 13

Caudate Caudate tail NA 22 -28 24 22 -26 23 3.08 46

Caudate Caudate tail NA -16 -30 22 -16 -28 22 3.58 21

Caudate Caudate tail NA -22 -40 18 -22 -38 18 3.38 13

Caudate Caudate tail NA -14 -38 22 -14 -36 22 3.29 15

Claustrum NA NA -24 14 18 -24 14 16 3.01 11

The asterisk indicates a region in which there is overlap between activity presented here and activity during the retrieval of negative contexts that
correlated with the percentage of REM sleep obtained during consolidation. MNI Montreal Neurological Institute, TALTalairach

Table 3 Regions in which sleep group participants’ REM sleep percentage during consolidation correlated with successful retrieval-related activity of
neutral backgrounds presented with negative objects during encoding

%REM correlations with activity during successful retrieval of negative encoding contexts

Region Subregion Approximate Brodmann area (BA) MNI coordinates
(x, y, z)

TAL coordinates
(x, y, z)

t value Cluster size
(no. voxels)

Occipital lobe Cuneus 18 4 -92 6 4 -89 10 5.79 903

Occipital lobe Cuneus 19 30 -90 24 30 -86 26 4.35 24

Occipital lobe Cuneus 18 20 -100 -2 20 -97 3 3.89 18

Occipital lobe Lingual gyrus 18 6 -74 -4 6 -72 0 4.09 31

Occipital lobe Middle occipital gyrus 18 30 -84 -8 30 -82 -3 3.94 38

Temporal lobe Middle temporal gyrus 37 44 -58 -26 44 -56 -19 4.74 22

Temporal lobe Parahippocampal gyrus 30 -12 -30 -8 -12 -29 -5 4.24 25

Frontal lobe Superior frontal gyrus 6 -14 14 68 -14 17 62 4.30 14

Caudate NA NA 16 -2 24 16 -1 22 4.20 11

Thalamus NA NA 16 -24 -10 16 -24 -7 4.21 28

Thalamus NA NA 0 -20 20 0 -18 19 3.92 11

Cerebellum NA NA 0 -50 -6 0 -49 -3 4.65 68

Cerebellum NA NA 4 -58 -48 4 -58 -37 4.41 30

Activity in all regions remained when analyzing whether REM duration (vs. percentage) correlated with successful retrieval of negative encoding
contexts. MNI Montreal Neurological Institute, TALTalairach
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focused specifically on the MTL, due to our a priori hy-
potheses. The significance threshold was set at p < .005
with a 9-voxel extent (correcting results to p < .05).

Results

Memory for backgrounds, by object valence and group

A mixed-effects analysis of variance, with Valence (within-
subjects) and Group (between-subjects) entered as factors of
interest, determined that there was a significant main effect of
Valence on memory for scene backgrounds, F(1, 45) =
36.974, p < .001; ηp

2 = .45. Memory performance was de-
fined as the number of correctly remembered backgrounds
divided by the total number of studied backgrounds, comput-
ed separately for backgrounds presented with a negative or

neutral object during encoding. “False alarm” rates to the
backgrounds could not be separated by valence, as all new
backgrounds presented during retrieval were neutral in va-
lence. Therefore, behavioral memory performance reports
the hit rates only. Memory was significantly better for neutral
backgrounds that had been paired with neutral objects (i.e.,
“neutral contexts;” M ± SD: 49.5 ± 16.6 %) compared to
neutral backgrounds that had been paired with negative ob-
jects (i.e., “negative contexts”; 39.4 ± 13.0 %), reflecting the
typical memory trade-off effect (e.g., Kensinger et al., 2007;
Payne et al., 2008; see Table 1). There was no main effect of
Group on memory for backgrounds, F(1, 45) = .624, p =
.43; ηp

2 = .014, indicating that memory for backgrounds
was comparable regardless of whether participants slept
(negative contexts: 40.3 ± 13.1 %; neutral contexts: 51.4
± 15.8 %) or stayed awake (negative contexts: 38.2 ±
13.2 %; neutral contexts: 47.0 ± 17.5 %) during the

Table 4 Within the sleep group, successful retrieval-related activity for backgrounds paired with negative greater than neutral objects during encoding
(a), and backgrounds paired with neutral greater than negative objects during encoding (b)

Region Subregion Approximate Brodmann area (BA) MNI coordinates
(x, y, z)

TAL coordinates
(x, y, z)

t value Cluster size
(no. voxels)

a

Sleep group: Activity during retrieval of negative encoding contexts > neutral contexts

Occipital lobe Cuneus 19 *-24 -96 22 -24 -92 25 3.23 18

Occipital lobe Fusiform gyrus 19 42 -68 -14 42 -66 -8 3.09 19

Occipital lobe Lingual gyrus 18 *2 -88 -4 2 -85 1 3.34 22

Occipital lobe Middle occipital gyrus 19, spanning 18 *34 -86 2 34 -83 6 3.03 26

Temporal lobe Hippocampus NA -28 -24 -6 -28 -24 -4 3.59 27

Frontal lobe Middle frontal gyrus 8 -30 10 40 -30 12 36 3.17 20

Frontal lobe Superior frontal gyrus 9 26 54 32 26 54 27 3.04 31

Cingulate cortex Cingulate gyrus 31 0 -44 28 0 -41 28 3.04 24

Thalamus NA NA -10 -20 -2 -10 -19 -1 3.10 33

Thalamus NA NA 16 -10 4 16 -10 4 3.07 11

Cerebellum NA NA *18 -82 -38 18 -81 -28 3.69 222

Cerebellum NA NA *-6 -50 -48 -6 -50 -38 3.88 129

Cerebellum NA NA -4 -42 -8 -4 -41 -5 4.02 65

Cerebellum NA NA *16 -36 -46 16 -37 -37 3.49 53

Cerebellum NA NA *-8 -32 -48 -8 -33 -39 3.74 36

b

Sleep group: Activity during retrieval of neutral contexts > negative encoding contexts

Temporal lobe Middle temporal gyrus 19 -32 -54 8 -32 -52 10 4.61 79

Temporal lobe Parahippo-campal gyrus 35 20 -24 -20 20 -24 -16 3.20 17

Parietal lobe Inferior parietal lobule 40 -38 -36 28 -38 -34 27 3.90 27

Caudate NA NA 18 -34 24 18 -32 24 3.14 16

Thalamus NA NA -8 -28 18 -8 -26 18 3.85 39

Thalamus NA NA 16 -38 8 16 -36 9 3.27 14

Cerebellum NA NA 2 -38 -30 2 -38 -23 3.72 109

Cerebellum NA NA -20 -26 -28 -20 -26 -22 3.26 16

Asterisks indicate regions in which there is overlap between activity presented here and in the regions in which activity during the retrieval of negative
contexts correlated with the percentage of REM sleep obtained during consolidation. MNI Montreal Neurological Institute, TALTalairach
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consolidation interval. Similarly, there was no Valence ×
Group interaction, F(1, 45) = .436, p = .47; ηp

2 = .012,
indicating that the effect of Valence was comparable re-
gardless of whether participants slept or stayed awake
during the consolidation interval.

FMRI results

All fMRI analyses focus on activity and/or connectivity dur-
ing the successful retrieval (hits minus misses) of neutral back-
ground scenes, as a function of whether they had been previ-
ously paired with negative objects versus neutral objects dur-
ing encoding. As mentioned, whether each background was
encoded with a negative or a neutral object was
counterbalanced across participants at encoding. Analyses ex-
amined how this study history influenced successful retrieval
processes and the effect of group (sleep, wake) on those
processes.

Activity during successful retrieval (hit > miss) of negative
encoding contexts

Comparison of activity between the sleep andwake groups
Numerous clusters within the occipital lobe were more active
for the sleep group than for the wake group during the suc-
cessful retrieval of negative contexts (i.e., neutral backgrounds
that had been paired with negative objects during encoding).1

These regions included two clusters within the middle occip-
ital gyrus [-38 -92 -2 (BA18); 40 -82 -2 (BA19, spanning
BA18)], three within the lingual gyrus [30 -72 -10 (BA18); -
18 -88 -8 (BA17); 22 -66 -6 (BA19)], and one in the inferior
occipital gyrus [-40 -74 -6 (BA19); see Fig. 1]. There were no
regions within the occipital lobe that were more active for the
wake group than for the sleep group, but rather, activity in the
parahippocampal gyrus [-38 -36 -8 (BA37)] and hippocampus
[34 -46 6] showed this distinction. For a full comparison of
activity between the sleep and wake groups, see Table 2a, b.

Effects of REM sleep on successful retrieval activityWithin
the sleep group, participants’ REM sleep percentage was cor-
related with activity in several occipital regions during suc-
cessful retrieval of negative contexts, including the lingual
gyrus [6 -74 -4 (BA18)], middle occipital gyrus [30 -84 -8

(BA18)], and three clusters within the cuneus [4 -92 6
(BA18); 30 -90 24 (BA19); 20 -100 -2 (BA18); see Fig. 2].
Importantly, REM sleep was the only stage of sleep to corre-
late with activity in any visual region. REM sleep percentage
was also correlated with activity in the parahippocampal gyrus
[-12 -30 -8 (BA30)].2 See Table 3 for a full list of regions in
which successful retrieval-related activity to negative contexts
correlated with REM sleep. During the retrieval of neutral
contexts, participants’ REM sleep percentage was correlated
with activity in the caudate [-26 -44 16; 26 -42 12], thalamus
[2 -30 6], and cerebellum [6 -48 -28], but no visual regions.

Comparing activity during successful retrieval (hit > miss)
of negative versus neutral encoding contexts in the sleep
and wake groups

The next analyses examined whether the prior effects of
sleep leading to an enhancement of visual activity dur-
ing retrieval were specific to contexts that had been
paired with negative objects (and not with neutral ob-
jects) at encoding. Within the sleep group, activity with-
in the cuneus [-24 -96 22 (BA19)], fusiform gyrus [42 -
68 -14 (BA19)], lingual gyrus [2 -88 -4 (BA18)], and
middle occipital gyrus [34 -86 2 (BA19, spanning
BA18)] was greater during successful retrieval of nega-
tive contexts as compared to neutral contexts (see
Fig. 3). This was not the case for the wake group, in
which activity in the middle frontal gyrus [-24 48 -4
(BA11)], cingulate gyrus [14 30 32 (BA32); 4 -22 24
(BA23)], and cerebellum [32 -48 -46; -20 -68 -34] was
enhanced during the successful retrieval of negative rel-
ative to neutral contexts. Interestingly, during the re-
trieval of neutral contexts relative to negative contexts,
activity within the parahippocampal gyrus was greater in
both the sleep group [20 -24 -20 (BA35)] and the wake
group [30 -24 -22 (BA35)], as was activity in the mid-
dle occipital gyrus [-38 -94 10 (BA19)] in the wake
group only. Although here we focus on visual regions
(vs. the whole brain), due to our a priori hypotheses,
see Table 4a, b for a full comparison of sleep partici-
pants’ activity during retrieval of negative greater than
neutral contexts, and vice versa. This information can
be found for the wake group in Table 5a, b.

Connectivity between the middle occipital gyrus
and medial temporal lobe

The middle occipital gyrus (BA18) showed enhanced activity
in all of the aforementioned analyses; this region was more
active following sleep than wake both during the successful
retrieval of negative contexts (see Table 2a) and during suc-
cessful retrieval of negative greater than neutral contexts fol-
lowing sleep (see Table 4a), and its activity during successful

1 Differences in visual activity were not due to effects of circadian time, as we
also ran these analyses in our two groups of participants (morning short delay
and evening short delay) who encoded and retrieved stimuli with a 20-minute
study-test delay. There was only one region within the right inferior parietal
lobule [58 -34 36 (BA40)] that showed greater activity during the successful
retrieval of negative contexts when tested in the morning compared to the
evening.
2 Slow-wave sleep (SWS) percentage was not correlated with activity in any
visual regions. Rather, participants’ SWS correlated only with one cluster in
the middle temporal gyrus [60 -46 8 (BA21)] and one cluster in the postcentral
gyrus [-14 -38 72 (BA3)].
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retrieval of negative contexts was correlated with participants’
percentage of REM sleep obtained during consolidation (see
Table 3). GPPI analyses revealed increased connectivity be-
tween the MOG (a 6-mm sphere centered at 30 -84 -8; see
Fig. 4, shown in violet) and the hippocampus [-34 -8 -20]
when individuals in the sleep group successfully retrieved
negative contexts as compared to neutral contexts (see
Fig. 4, shown in yellow). A separate gPPI analysis revealed
that activity within an overlapping hippocampal region [-32 -8
-22] showed a Valence × Group interaction, such that this
enhanced connectivity between the MOG and hippocampus
during successful retrieval of negative contexts was specific to
the sleep group and did not extend to the wake group (see
Fig. 4, shown in cyan). In fact, the wake group showed the
strongest connectivity between the MOG and hippocampus
during retrieval of neutral contexts.

Discussion

This study demonstrated, for the first time, that sleep during
consolidation enhances the sensory activity associated with
the retrieval of neutral information that had been previously
studied with negative versus neutral content. These results are
particularly interesting because they reveal differences in

sensory processing to exactly the same background scenes,
as a function of whether they had been previously paired with
emotional or neutral content during encoding, and whether
participants slept during the consolidation interval.
Specifically, activity inmultiple regions within the ventral visual
processing stream (BAs 17, 18, and 19) was greater during the
retrieval of neutral backgrounds paired with negative objects
during encoding following a 12-hour delay consisting of a full
night of sleep relative to the equivalent amount of time spent
awake. Further, results suggest that this enhanced activity may
be linked to REM sleep and to increased connectivity between
the middle occipital gyrus and hippocampus following sleep.

Prior work using emotional cues has established that emo-
tion enhances perceptual processing (e.g., Todd et al., 2012;
Zeelenberg et al., 2006), is associated with increased activity
in the striate (e.g., Bradley et al., 2003; Padmala & Pessoa,
2008) and extrastriate cortex (e.g., Bradley et al., 2003; Lang
et al., 1998; Vuilleumier et al., 2004) during viewing, and
leads to enhanced visual specificity of a memory (e.g.,
Kensinger et al., 2007). Here, by assessing retrieval-related
activity to neutral scenes that were once presented with either
emotional or nonemotional content, we show that these effects
of emotion on visual processing persist even once the emo-
tional element of the scene has been removed, and may be
dependent on sleep occurring during the consolidation

Fig. 2 The percentage of REM sleep obtained by sleep group
participants during consolidation was correlated with activity in several
occipital regions, including the lingual gyrus [6 -74 -4 (BA18)], middle
occipital gyrus [30 -84 -8 (BA18)], and three clusters within the cuneus
[20 -100 -2 (BA18); 4 -92 6 (BA18); 30 -90 24 (BA19)] during the
retrieval of neutral backgrounds paired with negative objects during

encoding. Some of these regions partially overlapped with (in green)
those that showed greater activity during successful retrieval of
“negative” backgrounds for the sleep group than wake group (i.e.,
overlap with results shown in Fig. 1) or (in yellow) those that showed
greater activity in the sleep group for “negative” compared to “neutral”
backgrounds (i.e., overlap with results shown in Fig. 3)

Fig. 1 Visual activity was greater for the sleep group than wake group
during successful retrieval of neutral backgrounds that were paired with
negative objects during encoding. These regions included two clusters
within the middle occipital gyrus [-38 -92 -2 (BA18); 40 -82 -2 (BA19,

spanning BA18)], three within the lingual gyrus [30 -72 -10 (BA18); -18 -
88 -8 (BA17); 22 -66 -6 (BA19)], and one in the inferior occipital gyrus [-
40 -74 -6 (BA19)]
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interval. These residual effects of emotion were evident during
successful memory retrieval (hits minus misses) of neutral
backgrounds that were paired with negative objects during
encoding, but, critically, there was no increase in visual activ-
ity during the retrieval of the identical backgrounds when they
were presented with neutral objects during encoding.
Importantly, because we counterbalanced across participants
whether a background was presented with a negative or neu-
tral object during encoding, there are no stimulus differences
(i.e., perceptual features, distinctiveness, interestingness, etc.)
that might explain these findings.

This link between emotion and visual processing is consis-
tent with prior work, as enhanced activity in the lingual gyrus
has been observed during the retrieval of negative relative to
neutral images (Taylor et al., 1998). Similarly, Maratos et al.
(2001) found enhanced sensory (i.e., cuneus/precuneus, lin-
gual gyrus) activity during the retrieval of words that were

presented in a negative context relative to a neutral context
during encoding. For the first time, we show that these re-
sidual effects of emotion are strengthened when sleep oc-
curs during a consolidation interval, which is consistent
with prior work showing that V1 response potentiation (as
measured by orientation-specific increases in V1 visually
evoked potentials) requires sleep, and is blocked by sleep
deprivation (Aton et al., 2014). Further, the reactivation of
memories during REM sleep enhances cortical responses
during retrieval (Sterpenich et al., 2013), suggesting that
during sleep, recent memories are being processed and in-
tegrated within cortical circuits.

Aligning with Sterpenich et al. (2013), this study also
shows a specific role of REM sleep in enhancing these resid-
ual emotion effects. Activity in the middle occipital gyrus
(BA18), lingual gyrus (BA18), and cuneus (BAs 18 and 19)
during the retrieval of these neutral backgrounds once

Table 5 Within the wake group, successful retrieval-related activity for backgrounds paired with negative greater than neutral objects during encoding
(a), and backgrounds paired with neutral greater than negative objects during encoding (b)

Region Subregion Approximate Brodmann Area (BA) MNI Coordinates
(x, y, z)

TAL Coordinates
(x, y, z)

t value Cluster size
(no. voxels)

a

Wake group: Activity during retrieval of negative encoding contexts > neutral contexts

Frontal lobe Middle frontal gyrus 11 -24 48 -4 -24 46 -6 3.86 25

Cingulate cortex Cingulate gyrus 32 14 30 32 14 31 28 3.66 12

Cingulate cortex Cingulate gyrus 23 4 -22 24 4 -20 23 3.30 12

Cerebellum NA NA 32 -48 -46 32 -48 -36 3.32 13

Cerebellum NA NA -20 -68 -34 -20 -67 -25 3.29 9

b

Wake group: Activity during retrieval of neutral contexts > negative encoding contexts

Temporal lobe Parahippo-campal gyrus 35 30 -24 -22 30 -24 -17 3.37 66

Occipital lobe Middle occipital gyrus 19 -38 -94 10 -38 -91 14 3.05 11

Frontal lobe Medial frontal gyrus 6 -10 -10 56 -10 -7 52 3.82 32

Parietal lobe Postcentral gyrus 2 -36 -32 30 -36 -30 29 3.22 10

Thalamus NA NA 20 -28 10 20 -27 11 3.58 21

Cerebellum NA NA -4 -46 0 -4 -45 2 2.98 9

MNI Montreal Neurological Institute, TALTalairach

Fig. 3 Enhanced visual activity following sleep was specific to the
retrieval of backgrounds that had been studied with emotional content
during encoding. Specifically, activity within the cuneus [-24 -96 22
(BA19)], fusiform gyrus [42 -68 -14 (BA19)], lingual gyrus [2 -88 -4

(BA18)], and middle occipital gyrus [34 -86 2 (BA19, spanning BA18)]
was greater during successful retrieval of negative contexts as compared
to neutral contexts
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presented with emotional content correlated with the percent-
age of REM sleep obtained during consolidation, highlighting
the critical role of sleep (and particularly REM sleep) in en-
hancing visual activity during retrieval of these stimuli. This
effect is specific to backgrounds paired with emotional rela-
tive to neutral content during encoding, perhaps suggesting
that REM sleep promotes binding between the experienced
emotion and the neutral background, yielding residual effects
of emotion that are reflected in enhanced visual activity during
retrieval. Prior research also has demonstrated that REM
sleep, relative to other stages of sleep and wakefulness, can
enhance emotional memory (e.g., Wagner et al., 2001; see
Ackermann & Rasch, 2014, for review), and can correspond
with the magnitude of emotional memory enhancement
(Nishida et al., 2009; Payne et al., 2012). Here, we demon-
strate that REM sleep modulates retrieval processes, as shown
by an increase in visual activity, even when the emotional
content of an event is not re-presented at retrieval.

When hypothesizing which regions would show residual
emotion effects (as indicated by a difference in activity to
backgrounds originally presented with emotional versus, neu-
tral foreground content) following a period of sleep, two
things were unclear: whether these effects would be reflected
in visual regions or the limbic system and the direction of the
effects (i.e., whether activity would increase or decrease). The
SFSR hypothesis, which argues that sleep dampens the emo-
tional response associated with a stimulus, would predict a
decrease in limbic, and, although not explicitly stated, perhaps
also sensory engagement given that negative emotion leads to
increased visual activity during retrieval (e.g., Keightley et al.,
2011; Kensinger & Schacter, 2007; Mitchell et al., 2006). If

the SFSR hypothesis would indeed argue for decreased sen-
sory activity in memory related regions following sleep, our
findings are more consistent with work suggesting that sleep
serves to preserve (Baran et al., 2012; Groch, Wilhelm,
Diekelmann, & Born, 2013) or even potentiate (Lara-
Carrasco, Nielsen, Solomonova, Levrier, & Popova, 2009;
Wagner et al., 2001) the emotion associated with a stimulus.
Here, we show that even once the emotional content has been
removed, there is nonetheless enhanced visual activity when
retrieving the neutral background that was once paired with it.

Although the amygdala is implicated in successful emo-
tional memory encoding and retrieval (for review, see
Hamann, 2001; Labar & Cabeza, 2006), and sleep during
consolidation leads to a more refined emotional memory re-
trieval network centered on limbic regions (Payne &
Kensinger, 2011; Sterpenich et al., 2009), there was no evi-
dence of amygdala activity during retrieval of these neutral
backgrounds presented with emotional content during
encoding (following sleep or wake). Rather, within the
MTL, there was activity in the parahippocampal gyrus follow-
ing sleep, greater during the retrieval of neutral backgrounds
studied with neutral objects relative to negative objects. This
is consistent with prior literature showing that the
parahippocampal gyrus is important for scene recognition
(e.g., Epstein, 2008; Epstein & Kanwisher, 1998), and is also
consistent with the emotional memory trade-off literature,
suggesting that for neutral scenes paired with neutral relative
to negative objects during encoding, the scene may be proc-
essed more holistically (i.e., with less of a central/peripheral
trade-off; e.g., Christianson & Loftus, 1991; Easterbrook,
1959; Kensinger, Piguet, Krendl, & Corkin, 2005). While
the parahippocampal gyrus is elicited during the retrieval
of scenes presented with neutral content at encoding, re-
sults suggest that presentation of these scenes with emo-
tional content at encoding leads to greater recruitment of
visual regions during retrieval following a period of sleep.

This being said, while the present results may initially seem
inconsistent with previous findings of enhanced activity in
emotion processing regions during the retrieval of stimuli ini-
tially presented in negative relative to neutral contexts
(Maratos et al., 2001; Smith et al., 2004), this is likely ex-
plained by the increase in length of the delay interval and
the inclusion of sleep during consolidation in the present
study. In both aforementioned studies, the delay between
study and test was approximately 5 minutes, while the delay
in the present study was approximately 12 hours. It is likely
that while limbic and sensory activity is maintained during
retrieval after such a short delay, these regions play less of a
role in retrieval after a longer delay (i.e., in the wake group in
the present study)—unless sleep is involved, in which case the
processing of emotional memories during REM sleep in par-
ticular (Sterpenich et al., 2013) may lead to enhanced cortical
activity during the retrieval of emotional contexts. Similarly, it

Fig. 4 GPPI analyses revealed increased connectivity between a MOG
seed region [6 mm centered at 30 -84 -8, shown in violet] and the
hippocampus [-34 -8 -20, shown in yellow] during the successful
retrieval of negative contexts relative to neutral contexts within the
sleep group. Activity in an overlapping hippocampal region [-32 -8 -22,
shown in cyan] showed a valence by group interaction, indicating that
enhanced MOG-hippocampal connectivity during negative context
retrieval was specific to the sleep group
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is important to note that the sleep occurring during consolida-
tion may explain why the present study did not reveal amyg-
dala activity during the retrieval of emotional contexts, unlike
Smith et al. (2004) and Maratos et al. (2001). Sleep has been
shown to selectively enhance emotional memory (e.g., Hu,
Stylos-Allan, & Walker, 2006; Wagner et al., 2001; Wagner,
Hallschmid, Rasch, & Born, 2006), often at the cost of mem-
ory for neutral information presented concurrently (Payne
et al., 2008; Payne & Kensinger, 2011). For instance, sleep
(relative to wake) leads to enhanced amygdala activity during
the retrieval of emotional objects presented with neutral back-
grounds during encoding, but not their backgrounds encoded
concurrently (Payne & Kensinger, 2011). These selective ef-
fects of sleep on emotional memory, effectively pulling apart
emotional objects from the backgrounds with which they were
presented during encoding, may explain why the present study
did not observe enhanced limbic activity during retrieval, after
the emotional element of the scene had been removed. Rather
than being reflected in enhanced limbic activity, residual emo-
tion effects, as measured by cases in which participants suc-
cessfully remembered the neutral backgrounds encoded with
negative content, may be reflected in enhanced visual activity
following a substantial (at least 12-hour) delay including a
period of sleep relative to wake.

It is especially interesting to note dissimilarities in how
emotion and sleep affect neural activity during retrieval com-
pared to behavioral memory performance. For instance, be-
havioral results showed an emotional memory trade-off in
sleep and wake participants (e.g., Kensinger et al., 2007;
reviewed by Reisberg & Heuer, 2004): enhanced memory
for the negative relative to neutral objects, but poorer memory
for backgrounds studied with negative relative to neutral fore-
ground content (with no group differences). Nevertheless, de-
spite overall poorer memory performance for backgrounds
presented with negative (vs. neutral) content, there was
greater perceptual processing in those cases where partici-
pants managed to successfully retrieve negative contexts, but
only following sleep. The fact that group differences were
revealed only in neural activity and not in behavior suggests
that neural markers may be more sensitive to the effects of
study history and sleep than behavioral outcomes, which is
consistent with work in many domains that find a similar
pattern of results (neural effects in absence of behavioral ef-
fects; e.g., Henckens et al., 2012; Van Stegeren, Roozendaal,
Kindt, Wolf, & Joëls, 2010). Importantly, because there were
no behavioral group differences, the number of correctly rec-
ognized objects did not differ across groups, and it is unlikely
that memory trace strength differed (as this should have re-
sulted in behavioral group differences). Rather, these results
demonstrate that during retrieval, the exact same visual infor-
mation can elicit different neural signatures based on whether
participants slept and whether that context had been previous-
ly presented with emotional content during encoding.

Limitations

One potential limitation in the present study is that participants
did not have an acclimation night in the laboratory; rather,
sleep participants spent only one night in the laboratory (fol-
lowing encoding and prior to retrieval). While we acknowl-
edge that the first night of PSG studies often shows an alter-
ation of sleep architecture (Agnew, Webb, &Williams, 1966),
the impact of the majority of the data presented here depends
not on specific characteristics or stages of sleep, but rather
whether or not sleep occurred during consolidation. Another
limitation is that participants in the wake group were not mon-
itored by actigraphy during their 12-hour consolidation delay.
While it is possible that a participant could have taken a nap
during this time, these concerns are minimized by the fact that
no participant reported having napped when asked upon their
return to the laboratory for the retrieval test.

Another limitation of the present study is that the sleep
group retrieved stimuli in the morning, while the wake group
retrieved stimuli in the evening, thus allowing for the possi-
bility of time-of-day effects. Prior work has shown evidence
of increased occipital activity in response to visual stimuli in
the morning relative to evening (Gorfine & Zisapel, 2009),
which would be consistent with our finding that the sleep
group, who tested in the morning, showed heightened occip-
ital activity during the retrieval of negative contexts relative to
the wake group, who tested in the evening. Importantly, how-
ever, this was not the case when comparing the morning short
delay and evening short delay groups in the present study.
Moreover, time-of-day effects could not explain the REM
correlations seen within the sleep group, as everyone in that
group was tested in the morning. For these reasons, we think
our effects are unlikely to be due to time of day. Nevertheless,
especially given concerns about false-positive results in fMRI
studies (e.g., Eklund, Nichols, & Knutsson 2016), replications
across studies are of critical importance. We cannot think of a
flawless design: A nap design could eliminate time-of-day
effects but, because of the low levels of REM sleep typical
during a nap, might miss important effects of overnight sleep.
A sleep deprivation design could also eliminate time-of-day
effects, but would add the stressful effects of sleep depriva-
tion, whichmight confound the effects on emotion processing.
Such complications emphasize the need to replicate results
across studies using a range of methods that, together, may
serve to rule out a series of possible confounds.

Another limitation is that the recognition memory trials we
discuss here (the background contexts) were intermixed with
trials in which negative and neutral objects were presented. It
is possible that this intermixing encouraged participants to
retrieve (explicitly or implicitly) the associated foreground
content of the scenes, and that this would not have occurred
with a different design. For instance, as emotion has been
shown to lead to enhanced sensory processing (e.g., Kark &
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Kensinger, 2015; Keightley et al., 2011), the presentation of
negative objects intermixed with neutral objects and neutral
backgrounds during retrieval may have primed visual areas to
be globally more active during retrieval (i.e., even during the
retrieval of neutral stimuli) relative to a design in which no
emotional content was presented. However, this design feature
in itself is unlikely to explain differences between the sleep
and wake groups, as the recognition lists were identical in
those two conditions. Moreover, it seems an unlikely expla-
nation for our findings because within the sleep group, the
successful retrieval of negative contexts (i.e., hits compared
to misses) was associated with greater visual activity than the
successful retrieval of neutral contexts, while the retrieval of
negative greater than neutral objects was not. Nonetheless,
future work could circumvent this alternative explanation for
our findings by presenting emotional and neutral stimuli in
separate blocks rather than intermixed, as was done here.

While we do not believe that the intermixing of negative
and neutral stimuli during retrieval explains why the sleep
group relative to wake group showed greater visual activity
to negative contexts, it is possible that emotion spillover ef-
fects could be stronger in the sleep group than the wake group,
and that this could be driven by sleep recency. For instance,
emotion processing is potentiated by sleep (e.g.,Wagner et al.,
2001) and connectivity between the medial prefrontal cortex
and amygdala has been shown to be greater following sleep
than extended periods of wakefulness (i.e., sleep deprivation;
Yoo, Gujar, Hu, Jolesz, & Walker, 2007). Indeed, activity
during the successful retrieval of negative objects showed
greater activity in visual regions including the lingual gyrus
[-32 -56 2 (BA19)] and fusiform gyrus [38 -2 -24 (BA 20)]
following sleep relative to wake. However, even though sleep
may affect visual activity to the negative objects, what is re-
markable is that sleep also enhanced visual activity when
comparing negative to neutral contexts—despite the fact that,
for those trials, all backgrounds contained only neutral con-
tent. Thus, the results emphasize that not only does sleep
increase visual responses to negative content, but it also
increases activity to information previously associated with
negative content, as shown across multiple analyses: Visual
activity during the retrieval of backgrounds studied with
emotional content was enhanced following sleep versus
wake (i.e., Fig. 1), correlated with the percentage of REM
sleep obtained during consolidation (i.e., Fig. 2), and was
specific to backgrounds studied with negative versus neu-
tral content following sleep (i.e., Fig. 3).

Conclusion

Overall, these results suggest that the ability for emotion to
enhance perceptual processing depends on sleep occurring
during the consolidation interval. These enhancements are
maximized by REM sleep, leading to greater visual activity

during successful retrieval. These are not global effects of
sleep leading to enhanced visual activity during retrieval, but
rather are specific to those backgrounds that had been paired
with emotional (vs. neutral) content during encoding, and may
be due to increased connectivity between the middle occipital
gyrus and hippocampus following sleep. This study provides
further evidence for emotion enhancing perceptual processing
by demonstrating that emotion effects persist even once the
emotional element of the scene has been removed. Further,
for the first time, we show that sleep occurring during a
consolidation delay plays an important role, reflecting
emotion’s residual effects through enhanced visual activity
during retrieval.
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