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Abstract

W After information is encoded into memory, it undergoes
an off-line period of consolidation that may occur optimally dur-
ing sleep. The consolidation process not only solidifies mem-
ories but also changes them in ways that render them more
useful and adaptive. Here, we provide evidence for a shift in the
neural structures used to retrieve emotional memories after
a night of sleep. Although the hippocampus was activated dur-
ing successful retrieval of negative objects regardless of whether
participants slept during a delay, sleep led to a shift from engage-

INTRODUCTION

Memory consolidation is a time-dependent, off-line collec-
tion of neurobiological processes that stabilize memories
against interference and decay and allow them to persist
over time (Dudai, 2004; McGaugh, 2000). The neurobio-
logical milieu of the brain during sleep is thought to pro-
vide ideal conditions for such stabilization to occur (Payne,
Ellenbogen, Walker, & Stickgold, 2008; Marshall & Born,
2007; Rasch & Born, 2007), and growing evidence, span-
ning numerous levels of analysis, demonstrates that sleep
plays an important role in the consolidation of both pro-
cedural and declarative memories (Stickgold, 2005; Wilson,
2002).

Successful consolidation is typically observed quantita-
tively as enhancement of skills after sleep in the case of
procedural learning (Walker & Stickgold, 2006) and as re-
sistance to deterioration after sleep in the case of episodic
memory (Payne et al., 2009; Payne, Stickgold, Swanberg,
& Kensinger, 2008; Gais, Lucas, & Born, 2006; Jenkins &
Dallenbach, 1924). As these examples suggest, the notion
of consolidation implies that memories are solidified in a
veridical manner, true to their form at initial encoding,
and sleep helps enhance or maintain specific skills or
information. Yet substantial evidence demonstrates that
declarative memories can also change with the passage
of time (Roediger & McDermott, 2000; McDermott, 1996;
Schacter, 1996; Bartlett, 1932), suggesting that the process
of consolidation does not always yield exact representa-
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ment of a diffuse memory retrieval network—including wide-
spread activity in the lateral prefrontal and parietal cortices—
to a more refined network of regions—including the amygdala
and ventromedial pFC. Effective connectivity analyses revealed
stronger connections among limbic regions after sleep versus
wake. Although circadian effects may have contributed to these
findings, our data strongly suggest that a night of sleep is suffi-
cient to evoke qualitative changes in the emotional memory re-
trieval network. [l

tions of experience. On the face of it, this idea may seem
maladaptive, yet such flexibility in memory representa-
tion allows the emergence of key cognitive abilities, such
as generalization and inference (Ellenbogen, Hu, Payne,
Titone, & Walker, 2007; Fenn, Nusbaum, & Margoliash,
2003), and adaptive functions such as the selective preser-
vation of useful information extracted from a barrage of
incoming stimulation and experience (Payne et al., 2009).
Consistent with these ideas, growing behavioral evi-
dence suggests that sleep does more than simply consoli-
date memories in veridical form; it also transforms them
in ways that render memories less accurate in some re-
spects but perhaps more useful and adaptive in the long
run. For example, sleep leads to flexible restructuring of
memory traces so that insights and abstractions can be
made (Gomez, Bootzin, & Nadel, 2006; Wagner, Gais,
Haider, Verleger, & Born, 2004), inferences can be drawn
(Ellenbogen et al., 2007), integration can occur (Payne
et al., 2009; Dumay & Gaskell, 2007), and importantly for
our purposes here, emotionally salient aspects of informa-
tion can be preferentially remembered over less salient,
neutral aspects (Payne, Stickgold, et al., 2008).
Importantly, each of these behavioral studies reveals
qualitative rather than quantitative changes in memory as
a function of nocturnal sleep compared with daytime wake-
fulness, and many of these changes emerge over a rela-
tively brief 12-hour delay containing sleep. Moreover, in
each study, sleep confers a flexibility to memory that may
be at times more advantageous than a literal representa-
tion of experience (Payne et al., 2009). Although these
behavioral studies suggest that sleep leads to a shift in
the way memories are stored and retrieved, neuroimaging
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methods provide a direct test of whether sleep confers a
genuine change in the neural systems supporting mem-
ory. An essential question, then, is whether the behavioral
changes observed in memory after sleep are a reflection of
changes in mnemonic processing at the level of the brain.

To address this question, we examined memory perfor-
mance after a 12-hour delay containing either nocturnal
sleep or daytime wakefulness. This design allowed us to
examine whether a single night of sleep was sufficient to
provoke changes in underlying memory retrieval networks
or rather increase activity within the identical memory
network recruited after a period of wakefulness. We chose
to investigate this question in the realm of emotional
memory because numerous behavioral studies have dem-
onstrated that nocturnal sleep benefits the consolidation
of emotional relative to neutral memories compared with
daytime wakefulness (Payne, Stickgold, et al., 2008; Hu,
Stylos-Allan, & Walker, 2006; Wagner, Hallschmid, Rasch,
& Born, 2006; Wagner, Gais, & Born, 2001). For exam-
ple, we recently examined how different components of
negative emotional memories change across periods of
nocturnal sleep versus daytime wakefulness, demonstrat-
ing that sleep selectively preserves memory for negative
objects within emotional scenes at the expense of neu-
tral background details (Payne, Stickgold, et al., 2008).
Although daytime wakefulness led to forgetting of emo-
tional scenes in their entirety, with both objects and back-
grounds decaying at similar rates, sleep led to a selective
preservation of negative objects, but not the backgrounds,
suggesting that the two components undergo differential
processing during sleep.

This finding suggests that negative scene memories
develop differentially across time delays containing noctur-
nal sleep versus daytime wakefulness and that rather than
preserving intact representation of scenes, sleep effectively
“unbinds” scenes to consolidate only their most emotion-
ally salient and perhaps adaptive emotional element. We
have shown that this effect is further intensified after a
24-hour delay, but only when sleep directly follows en-
coding of the emotional scenes (Payne et al., submitted).
Moreover, we have demonstrated that emotional objects
are better remembered after a 90-min nap than after two
different wake control conditions that strictly controlled
for circadian and interference influences (Payne et al., sub-
mitted; for complete study description, see the Alternative
explanations for the present findings section). Collectively,
these results suggest that sleep-mediated consolidation
processes solidify the negative emotional aspects of an
experience into a durable memory while allowing the less
emotional aspects to decay.

In the present study, we used the same paradigm to
examine the neural regions associated with the retrieval
of emotional object memories after off-line periods con-
taining either nocturnal sleep or daytime wakefulness,
predicting that different neural systems would be used to
retrieve these memories after time spent in these distinct
brain states. Specifically, we hypothesized that (1) activity
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in the amygdala, medial-temporal lobe memory system
(particularly the hippocampus), and ventromedial pFC
(VMPFC) would be more active during retrieval of negative
objects after sleep than after wakefulness and (2) retrieval
of negative objects would be associated with increased
effective connectivity among these areas after sleep rela-
tive to wakefulness, reflecting the outcome of superior
emotional memory processing during sleep-dependent
consolidation.

METHODS
Participants

Participants were 42 native English speakers from Boston
College and Harvard University (ranging from 18 to 29 years
of age, with a mean age of 22.1 years), with normal or
corrected-to-normal vision. They were screened for neuro-
logical, psychiatric, and sleep disorders and for medica-
tions affecting the CNS or sleep architecture. Participants
were randomly assigned to a wake delay (21 participants—
13 women) or a sleep delay (21 participants—11 women)
condition. Individuals comprising the sleep-delay and wake-
delay groups did not differ in age, education, and scores
on the Morningness—Eveningness Questionnaire (Horne
& Ostberg, 1976), Beck Depression Inventory (Beck &
Beamesderfer, 1974) or the Beck Anxiety Inventory (Beck,
Epstein, Brown, & Steer, 1988) (all ps > .15).

Participants in the wake-delay group encoded images
between 7:00 and 9:00 a.m. and retrieved them from mem-
ory while undergoing an fMRI scan 12 hours later, between
7:00 and 9:00 p.m. Napping was not permitted between
sessions, and participants were excluded from analyses
if debriefing indicated that they had napped during the
delay. Participants in the sleep-delay group encoded the
images between 8:00 and 10:00 p.m. and retrieved them
12 hours later in the scanner, after at least 6.5 hours of
sleep confirmed by questionnaire. Sleep amount was sta-
tistically equivalent in the wake and sleep groups (¢ <
1.8, p > .25). Data from three participants were excluded
(two male sleep-delay participants due to excessive head
movement and one female wake-delay participant for nap-
ping during the delay interval), resulting in a total of 39 par-
ticipants used in the below analyses.

Materials

Two versions of 120 scenes were created by placing either
a negative arousing or a neutral object on a plausible neu-
tral background (e.g., by placing either a chipmunk or a
snake on a forest background). Stimuli were taken from
those used in Payne, Stickgold, et al. (2008) and were sup-
plemented with images from Waring and Kensinger (2009).
Objects and backgrounds were previously rated for va-
lence and arousal using 7-point scales. All negative objects
were given arousal ratings of 5-7 (with high scores sig-
nifying an exciting or arousing image) and valence ratings
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lower than 3 (with low scores signifying a negative image).
All neutral items (objects and backgrounds) were rated
as nonarousing (arousal values lower than 4) and neutral
(valence ratings between 3 and 5; Waring & Kensinger,
2009; Kensinger, Garoff-Eaton, & Schacter, 2007).

Behavioral Procedure

During the encoding session, participants studied a set of
80 scenes (40 with a neutral object and 40 with a negative
object, all on neutral backgrounds) for 5 sec each and then
indicated whether they would choose to approach or move
away from the scene if they encountered it in real life (to
ensure deep encoding). After the delay period, participants
performed an unexpected recognition task while under-
going an fMRI scan. Debriefing confirmed that no partici-
pant expected their memory would be assessed; most
participants believed that they would be making similar
decisions during the fMRI scan to those they had made
in the earlier study session. Participants viewed objects
and backgrounds, presented separately and one at a time,
and indicated whether each item was “old” (included in a
previously studied scene) or “new” (not previously stud-
ied). Items included on the recognition test were 80 old
objects (40 neutral, 40 negative), 80 old backgrounds
(40 studied with a neutral object and 40 with a negative ob-
ject), 80 new objects (40 negative, 40 neutral), and 40 new
backgrounds (by definition, all neutral). These item types
were pseudorandomly intermixed with one another, and
ISIs were jittered from between 2 and 14 sec to optimize
the ability to isolate the hemodynamic response associated
with each item’s presentation (Dale, 1999). A short prac-
tice was performed before entering the scanner to assure
that all participants understood the instructions and the
timing of the recognition task.

fMRI Image Acquisition and Preprocessing

Data were acquired on a 1.5-T Siemens whole-body Avanto
MRI scanner (Erlangen, Germany) using a standard bird-
cage head coil. The stimuli were projected from a Macintosh
iBook G4 to a Sharp200 color LCD projector through a col-
limating lens that projected onto a screen mounted in the
magnet bore. Participants viewed the screen through mir-
rors located on the head coil.

Anatomic data were acquired with a multiplanar rap-
idly acquired gradient-echo (MP-RAGE) sequence (rep-
etition time = 2730 msec, echo time = 3.31 msec, flip
angle = 40°, field of view = 256 X 256 mm, acquisition
matrix 256 X 256, slice thickness = 128, slice thickness =
1.33 mm, no gap, 1 X 1 X 1.33 mm resolution). Coplanar
and high-resolution T1-weighted localizer images were
acquired. In addition, a T1l-weighted inversion recovery
echo-planar image was acquired for auto alignment.

Functional images were acquired via a T2*-weighted
EPI sequence sensitive to the BOLD signal, with a repeti-
tion time of 2000 msec, an echo time of 40 msec, and a

flip angle of 90°. Twenty-six interleaved axial-oblique
slices (parallel to the line between the anterior and the pos-
terior commissures) were collected in a 3.125 X 3.125 X
3.72-mm matrix (with a 3.12 thickness and a 0.6-mm skip
between slices).

Preprocessing and data analysis were completed using
SPM2 (Statistical Parametric Mapping; Wellcome Depart-
ment of Cognitive Neurology, London, UK). Slice time cor-
rection was completed, and motion correction was run,
using a six-parameter, rigid-body transformation algorithm
by SPM2. The images were normalized to the Montreal
Neurological Institute (MNI) template. The resultant voxel
size was 3 X 3 X 3 mm, and spatial smoothing was com-
pleted at a 7.6-mm isotropic Gaussian kernel.

Event-related fMRI Data Analysis

Analyses focus specifically on responses to objects that had
been included in studied scenes, examining the influence
of object valence (negative, neutral) and memory perfor-
mance (remembered, forgotten) on neural activity in the
sleep and wake group. Thus, analyses focus on responses
to four different object types: remembered negative ob-
jects, forgotten negative objects, remembered neutral ob-
jects, and forgotten neutral objects. For each participant,
on a voxel-by-voxel basis, these event types were modeled
through convolution with a canonical hemodynamic re-
sponse function. This yielded beta-weights for each voxel.
For statistical contrasts conducted within a single group
(e.g., comparing remembered with forgotten negative
items within the sleep-delay group), voxels were consid-
ered active when the difference between beta-weights
was statistically positive as determined by a one-tailed
paired ¢ test with variance estimated using random-effect
analysis. For statistical contrasts conducted to compare the
wake-delay and the sleep-delay groups, voxels were con-
sidered active when the difference between beta-weights
was statistically positive as determined by a one-tailed two-
sample ¢ test. Unless otherwise specified, only regions that
consist of at least five contiguous voxels, with peak activity
at p < .001, are reported in the results.

Conjunction analyses, using the masking function in
SPM2, were used to reveal the regions that were active for
specific contrasts in both the sleep-delay and the wake-delay
groups. The individual contrasts included in the contrast
analysis were analyzed at a threshold of p < .01 [such that
the conjoint probability of the conjunction analysis, using
Fisher’s estimate (Lazar, Luna, Sweeney, & Eddy, 2002;
Fisher, 1950), was p < .001]. Masking procedures were used
to reveal regions that were active in one group (atp < .001)
but not in the other group (even when the threshold was
lowered to p < .10).

To depict the pattern of activity within ROIs, 8-mm
spheres were created around regions identified within
contrast analyses, and signal change within these spheres
was estimated using the MarsBar toolbox implemented
within SPM2 (Brett, Anton, Valabregue, & Poline, 2002).
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For each region and for each object type, the average of
the signal change reached between 4 and 6 sec poststim-
ulus onset was measured for each trial type, and these
values were used to calculate the magnitude of the ac-
curate retrieval response for negative and for neutral
objects (e.g., activity to forgotten negative objects was
subtracted from activity to remembered negative ob-
jects). These memory effects (changes in percent signal
change) are depicted in the bar graphs accompanying
Figures 1 and 2 and are presented for illustrative pur-
poses only. Tables report voxel coordinates in both MNI
and Talairach (Talairach & Tournoux, 1988) coordinates
at the peak voxel in each cluster. All activations are pre-
sented in neurological coordinates and are displayed on
canonical images provided within SPM2.

To examine the connectivity among a priori ROIs in the
amygdala, hippocampus, VMPFC, and fusiform gyrus,
structural equation modeling (SEM) was carried out using
Lisrel software (Joreskog & Sorbom, 1993). So that the
ROIs would be defined in a fashion that was unbiased with
regard to emotion or memory accuracy, each ROI was de-
fined functionally from a contrast that compared all item
retrieval trials with the fixation baseline; the MNI coordi-
nates of the peak voxel within each ROI were as follows:
amygdala (=16, 0, —22), hippocampus (=19, —14, —21),
VMPEC (4, 56, —8), and fusiform gyrus (=30, —28, —20).
We had a priori hypotheses (as outlined in the introduc-
tion) for the effect of sleep on amygdala, hippocampal,
and VMPFC connectivity. Although we did not have any
specific hypotheses about fusiform connectivity, we felt it
was important to include this region in the model because
of its demonstrated role in visual object processing and in
visual retrieval (e.g., Kensinger & Schacter, 2007; Garoff,

Slotnick, & Schacter, 2005) and because of recent evidence
for important anatomical connections between the amyg-
dala, the hippocampus, and the fusiform gyrus (Smith
et al., 2009).! On the basis of anatomical research in non-
humans (Patterson & Schmidt, 2003; Swanson & Petrovich,
1998), an anatomical connectivity model was created to spe-
cify the anatomically plausible connections between the
ROIs (Addis, Moscovitch, & McAndrews, 2007; McIntosh,
1999) (as in Addis et al., 2007; McIntosh, 1999). Then, a func-
tional model was created for the sleep group and the wake
group. Signal change within each ROI was extracted from
the ROIs using the MarsBar toolbox (Brett et al., 2002).
The average of the signal change across the 4- to 6-sec pe-
riod poststimulus onset was extracted for successfully recog-
nized negative objects and for missed (forgotten) negative
objects. These signal change values were extracted sepa-
rately for each person and for each region, and a signal
change value was computed to reflect the difference in activ-
ity for recognized as compared with missed negative objects
(i.e., percent signal change to negative object hits—percent
signal change to negative object misses). These signal
change difference scores were then entered into correlation
matrices; separate matrices were created for the sleep and
the wake groups, revealing the correlation in signal change
among the different ROIs.

A SEM analysis was conducted to examine whether there
were group differences in the effective connections among
regions during the successful retrieval of negative objects.
The functional model (correlation matrix) was entered
for each group, and path coefficients were then calculated
on the basis of these correlations. Significant differences
between the groups were assessed using the stacked-
model approach (McIntosh & Gonzalez-Lima, 1994). In
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Figure 1. A diffuse network of regions corresponded more strongly with successful retrieval of negative objects after a period of wake (green
regions), whereas after a period of sleep, activity was enhanced within a smaller set of limbic regions (in red). Graphs depict the pattern of activity
within three of the regions revealed in these group-comparison analyses (A = VMPFC; B = amygdala; C = inferior frontal gyrus).
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Figure 2. Two regions within the hippocampus (MNI coordinates: —20,
—26, —10 and —16, —13, —22) showed a stronger correspondence to
accurate retrieval for the negative items than for the neutral items, but this
effect did not interact with the delay group (sleep vs. wake). Graph depicts
the strength of the memory effect within the more anterior hippocampal
region, as a function of item valence and delay group (sleep vs. wake).

an omnibus test, a null model was first constructed in
which the path coefficients from both sleep and wake
groups were set to be equal. The fit of this null model
was compared with the fit of an alternate model, in which
the path coefficients were allowed to differ between the
sleep and the wake groups. The goodness-of-fit x* values
for the two models were compared to determine if one
model was a significantly better fit than the other. If the al-
ternate model fits better than the null model, individual
connections were allowed to vary in a stepwise manner
to determine which connections significantly contributed
to the increased fit of the alternate model (i.e., decreased
the p value associated with the x? difference).

RESULTS
Behavioral Results

An ANOVA was conducted on corrected recognition scores
(hit rate minus false alarm rate) with scene component
(object, background) and scene valence (negative, neutral)
as within-subject factors and delay group (sleep, wake) as

a between-subject factor. This ANOVA revealed main ef-
fects of scene component, F(1, 37) = 5.58, p < .05, partial
eta-squared = .13, scene valence, F(1,37) = 9.56, p < .01,
partial eta-squared = .21, and group, F(1, 37) = 8.59, p <
.01, partial eta-squared = .19. These main effects were
qualified by an interaction between scene component and
scene valence, F(1, 37) = 10.96, p < .001, partial eta-
squared = .75, and importantly by a three-way interaction
among scene component, scene valence, and delay group,
F(1, 37) = 6.94, p < .05, partial eta-squared = .16. As in
Payne, Stickgold, et al. (2008), this three-way interaction
demonstrates that sleep preferentially benefits memory
for negative objects, £(37) = 4.63, p < .0001, relative to
the other scene components (see Table 1), a finding that
cannot easily be reconciled with either a circadian or an
interference interpretation of sleep-based memory consoli-
dation (for an in-depth treatment of these issues, see Payne,
Stickgold, et al., 2008; Ellenbogen, Payne, & Stickgold,
20006).

fMRI Group Analysis Results

Because our behavioral data revealed that sleep had a spe-
cific benefit on memory for negative objects relative to
wakefulness (consistent with Payne, Stickgold, et al., 2008),
we focused our analyses on retrieval of negative objects.
Group comparison analyses thus assessed regions showing
a stronger correspondence to successful retrieval of nega-
tive objects (i.e., stronger activity to hits than to misses) after
a period of sleep compared with a period of wake or vice
versa. This analysis revealed that, after wakefulness, a diffuse
memory network—including widespread activity in the
lateral prefrontal and parietal cortices as well as the medial-
temporal lobe—corresponded more strongly to successful
retrieval of negative items in the wake compared with the
sleep group (see upper panel of Table 2 and green regions
within Figure 1). The majority of these regions (as denoted
by a degree symbol in the rightmost column of Table 2) also
showed a three-way interaction between delay group (sleep,
wake), memory accuracy (hit, miss), and emotion (negative,
neutral). By contrast, a much more refined and restricted
network—including the left amygdala, VMPFC, and cin-
gulate gyrus—showed a stronger relation to successful re-
trieval of negative relative to neutral items after a period of
sleep compared with a period of wakefulness (see lower
panel of Table 2 and red regions of Figure 1). Finally, a
conjunction analysis indicated that two regions within the
hippocampus showed a strong correspondence to success-
ful retrieval of negative items regardless of the delay group
(i.e., in both sleep and wake conditions, see Figure 2).

fMRI Effective Connectivity Results

Our next aim was to characterize how regions within an
emotional memory network interact with one another after
periods of sleep versus wakefulness. We predicted that the
amygdala would be a key structure interacting with and
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modulating hippocampal function postsleep because co-
activation of amygdala and hippocampal regions is critical
for boosting consolidation processes and allowing emo-
tional memories to persist over time (McGaugh, 2004;
Roozendaal, Nguyen, Power, & McGaugh, 1999). Moreover,
because several neuroimaging studies have revealed a
correspondence between VMPFC and fusiform activity
and emotional memory retrieval (Buchanan, 2007; Smith,
Stephan, Rugg, & Dolan, 2006; Kensinger & Schacter,
2005), we included these regions in our model as well
(for more information on the definition of these regions,
see Methods section).

SEM analysis revealed that for the negative items, the
alternate model was a significantly better fit than the null
model (p < .005). Subsequent analyses revealed that there
were four connections that differed significantly between
the sleep group and the wake group: the influence of the
amygdala on the hippocampus, the influence of the amyg-
dala on the VMPFC, the influence of the hippocampus on
the fusiform gyrus, and the influence of the fusiform gyrus
on the amygdala. Of greatest interest here are the differ-
ences in amygdala connectivity: After sleep, the amygdala
had a stronger positive influence on the hippocampus
and on the VMPEC than it did after wake (see Figure 3),
suggesting that after sleep the amygdala is more connected
with other regions of the emotional memory network.
Importantly, the connectivity changes after sleep were spe-
cific to the retrieval of the negative items. The null model
fit the data for the neutral items, suggesting that during
retrieval of neutral items, sleep did not yield significant
changes in the connections among the regions included
in the model. Thus, sleep does not appear to lead to a ubig-
uitous change in effective connectivity among emotion
processing regions; rather, a night of sleep appears to se-
lectively alter the connectivity during retrieval of negative
(but not neutral) events.

DISCUSSION

Growing behavioral evidence suggests that in addition to
stabilizing and enhancing memories, sleep can qualita-
tively change memories in ways that wakefulness cannot
(e.g., Payne et al., 2009; Payne, Stickgold, et al., 2008;
Gomez et al., 2006; Wagner et al., 2004). Although these
behavioral studies have been taken as evidence that even
a single night of sleep is sufficient to lead to an alteration
in the way memories are stored and retrieved, neuroimag-
ing methods provide a direct test of this prediction. Using
fMRI, we compared the brain regions associated with the
retrieval of negatively valenced objects after periods of
nocturnal sleep and daytime wakefulness. We predicted
that different patterns of neural activity would emerge at
retrieval, reflecting the outcome of time spent in these
distinct brain states, and also that regions comprising a
known emotional memory retrieval network including
the amygdala, hippocampus, fusiform gyrus, and VMPFC

Volume X, Number Y


jpayne7


jpayne7


jpayne7


jpayne7



Table 2. Regions That Showed a Stronger Correspondence to Successful Recognition of Negative Items after a Waking Delay as Compared
with a Sleeping Delay or Vice Versa®

Approximate Brodmann’s MNI Coordinates TAL Coordinates Cluster Size
Region Gyrus area (BA) x 9 2 9 2 (No. Voxels)

Memory Effect Greater after Waking vs. Sleeping Delay

Frontal lobe Inferior frontal gyrus BA 45 —52, 20, 8 —51, 20, 6 296%
BA 47° —46, 38, =10 —46, 36, —10 43

BA 47 —36, 24, —20 —36, 22, —18 23

BA 47 —30, 20, —20 —30, 18, —18 6

BA 47 —24, 30, —8 —24, 29, -8 15

Medial frontal gyrus BA 6 —16, —16, 54 —16, —13, 50 49

Middle frontal gyrus BA 9 —40, 32, 40 —40, 32, 35 36

Superior frontal gyrus BA 9 —10, 50, 30 —-10, 50, 25 132*

Cingulate cortex Cingulate gyrus BA 24 10, —22, 38 10, =20, 36 14
BA 30 —24, =54, 14 —24, =52, 15 29°

Parietal lobe Inferior parietal lobule BA 40 —52, =52, 52 —51, —48, 50 326"
BA 40 50, =38, 52 50, —34, 50 74

Postcentral gyrus BA 2 —38, =30, 34 —38, —28, 33 11

Precuneus BA 7 —4, —60, 34 —4, —62, 34 45

Putamen NA NA —22, 4,16 —22, 4,15 7%
Temporal lobe Fusiform gyrus BA 20 —38, —10, —28 —38, —11, —23 44%
Middle temporal gyrus BA 21 —60, 0, —12 —60, 0, —10 109*

BA 21 56, —14, —10 55, —14, —8 39

BA 21 70, —20, —8 70, —20, —6 15

BA 21 —60, —44, —10 —60, —43, —6 64*

BA 21 58, —40, —8 58, —40, —5 26

BA 39 —42, —64, 30 —42, —60, 31 264*

Parahippocampal gyrus BA 35 —16, =28, —14 -16, =27, —11 102

BA 36 —38, —20, —20 —40, —20, —16 72%

BA 28 —18, —14, —22 —18, —14, —18 18

Superior temporal gyrus BA 38 —46, 18, —32 —45, 16, —28 58

BA 38 —-50, 12, —18 -50, 11, —15 63"

BA 21 —56, —24, —2 —55, =23, 0 226

Memory Effect Greater after Sleeping vs. Waking Delay

Amygdala” NA NA —18,0, —24 -18, -1, =20 12
Frontal lobe Medial frontal gyrus BA 10 4, 56, —8 4, 54, =9 30%
Cingulate cortex Cingulate gyrus BA 24 —10, —4, 32 -10, =2, 30 67*

BA 32 —22,36,8 —22,35,5 27%
Striatum NA NA —20, =2, —2 -20, =2, —1 5
Thalamus NA NA -8, —22,22 -8, —20, 21 5

Signifies that at least five of the voxels within this cluster also revealed a three-way interaction between emotion (negative vs. neutral), memory accuracy
(remembered, forgotten), and delay group (sleep, wake).

PRegions whose signal change is depicted in Figure 2.
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Figure 3. Group path model
of effective connections
corresponding with successful
retrieval of negative objects
after sleep versus wakefulness.
Results reveal stronger
connections among the vmPFC,
amygdala, hippocampus, and
fusiform gyrus after a night of
sleep than after a day spent
awake. Positively weighted
paths are represented by solid
lines; negatively weighted
paths are represented by dotted
lines. Thicker arrows indicate
stronger connections. Red
lines reveal connections that
differ significantly between
the sleep and the wake
groups, whereas black lines
show connections that are of
comparable strength in the
sleep and wake participants.
VMPEC = ventromedial pFC;
amyg = amygdala; hippo =
hippocampus; PHG =
parahippocampal gyrus.

VMPFC

Sleep

Significant

positive
— 0.01-01
—] 01-02
ﬁ 02‘_04 lilllllll’

04-06 "mmmERm
06-10 NE BN

o
FusHorm/
PHG

Wake

Significant
negative

(see reviews by Kensinger, 2009; Buchanan, 2007; LaBar &
Cabeza, 2006) would be more greatly connected after sleep
compared with wakefulness.

Activity Analyses Demonstrate That Different
Retrieval Networks Are Engaged after Sleep
versus Wake

After a period of wakefulness, successful retrieval of nega-
tive objects activated regions that are typically associated
with episodic memory retrieval, including widespread
activity in the lateral prefrontal, the parietal cortices,
and the medial-temporal lobe (Buckner & Wheeler, 2001;
Hanson et al., 1999). Conversely, after a period of sleep, a
much more refined and restricted network of regions was
activated, including the amygdala, the VMPFC, and the
cingulate gyrus. This consolidated pattern of activation is
similar to that seen in fMRI investigations of emotional
memory retrieval after much longer delays than the 12-hour
interval used here (e.g., 1 year in Dolcos, LaBar, & Cabeza,
2005; 6 months in Sterpenich et al., 2009). One possibility is
that a night of sleep can enhance or “speed up” the consol-
idation process in a way that wakefulness cannot, allowing
this refined pattern of activity to emerge after just 12 hours
provided that this relatively brief delay contains sleep.

In spite of the substantial differences in activation pat-
terns observed between sleep and wake groups, we did find
two regions within the hippocampus that were equally ac-
tive during successful retrieval of negative objects after
sleep and wake, suggesting that the hippocampus is critical
for memory retrieval across both types of delay intervals.

8  Journal of Cognitive Neuroscience

The hippocampus appears to be a shared hub used for
emotional memory retrieval after a 12-hour delay, regard-
less of whether it contains sleep or wake. This result fits
well with a plethora of findings demonstrating the impor-
tance of the hippocampus for memory retrieval after de-
lays of this length or shorter as well as those showing that
the hippocampus is often activated in emotional memory
tasks similar to the one used here (Buchanan, 2007; Smith
et al., 2006; Maratos, Dolan, Morris, Henson, & Rugg,
2001). The preservation of hippocampal engagement sug-
gests that a night of sleep does not overhaul all of the mem-
ory processes recruited for emotional memory retrieval.
Rather, the engagement of the hippocampal core of the
memory network remains, whereas the number of other
nodes of the memory network appears to be reduced after
sleep.

Memory Regions Connected to the Amygdala Are
Differentially Engaged after Sleep and Wake

In addition to a reduction in the number of regions en-
gaged after a night of sleep, the effective connectivity analy-
ses revealed that there also was a strengthening in the
connectivity among regions within the emotional memory
network after a night of sleep. As predicted, the amygdala
was more strongly connected to the hippocampus and
VMPEC during successful retrieval of emotional objects
after sleep than it was after wakefulness. This is the most
important finding yielded by the effective connectivity analy-
sis because it suggests that a period of sleep strengthened
the modulatory effect of the amygdala on other regions of
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the emotional memory network. Consistent with consolida-
tion theory (McGaugh, 2004), this intensified connectivity
between regions likely reflects the strengthening of emo-
tional memories during sleep.

Our results suggest that the emotional memory net-
work is strengthened and refined during sleep, which is
in turn reflected in enhanced retrieval of negative relative
to neutral objects after sleep relative to wakefulness. These
findings are consistent with the claim that consolidation
processes serve to mediate emotional memory potentia-
tion over the course of hours to days (LaBar, Gatenby,
Gore, LeDoux, & Phelps, 1998) and with the demonstra-
tion that amygdala activity facilitates the induction and
expression of plasticity in the hippocampus during sleep,
which may be an underlying mechanism of memory con-
solidation (Datta, Li, & Auerbach, 2008). Moreover, we
provide evidence that a 12-hour delay may be enough time
to promote these plastic changes in the neural systems
underlying emotional memory, provided it contains a pe-
riod of sleep.

The VMPFC changes in activity and connectivity ob-
served after sleep are interesting in light of suggestions that
this region modulates emotions and facilitates appropriate
responding to emotional contexts (Sotres-Bayon, Bush, &
LeDoux, 2004). The medial pFC is thought to activate dur-
ing retrieval of emotional information to guide appropriate
behavioral responses—a task that may be much easier
when one has slept. Indeed, a role for this area in sleep-
based emotion regulation has been reported (Yoo, Gujar,
Hu, Jolesz, & Walker, 2007). Other evidence suggests that
this region, which has reciprocal connections with the
medial-temporal lobe and widespread connectivity with
disparate neocortical regions, may (like the hippocampus)
play a critical role in binding information that is stored in
disaggregated cortical areas, allowing for its successful inte-
gration at retrieval (Mitchell, Johnson, Raye, & D’Esposito,
2000).

These findings correspond well with those from the few
other neuroimaging studies that have examined emotional
memory retrieval processes (for a review, see Buchanan,
2007). For example, previous fMRI studies have identified
hippocampal and amygdala activity as necessary compo-
nents of emotional memory retrieval (Dolcos et al., 2005).
Interactions between these regions (Smith et al., 2006)
as well as interactions between the amygdala and the fusi-
form gyrus (Addis, Leclerc, Muscatell, & Kensinger, 2009;
Kensinger & Schacter, 2008) have been also revealed to
be important for memory for negative items in particular.
The present data, therefore, suggest that a night of sleep
is sufficient to enhance the activity and connectivity of these
regions that are tied to successful retrieval of negative
information.

The current findings also fit well with a recent study that
examined sleep’s role in emotional memory retrieval after
a more lengthy delay (Sterpenich et al., 2009). These au-
thors compared retrieval of IAPS pictures after nocturnal
sleep and after nocturnal sleep deprivation, first after a

3-day delay and again 6 months later. Individuals who were
allowed to sleep significantly recruited the medial PFC,
precuneus, fusiform gyrus, hippocampus, and amygdala
when retrieving emotional memories after the 6-month
delay. By contrast, the sleep-deprived participants engaged
a distinct network that included increased activity within
the amygdala. Although these findings are largely similar
to ours, the study of Sterpenich et al. (2009) found addi-
tional activation in the precuneus and fusiform gyrus in
the sleep group when memories were retrieved after a
6-month delay, whereas we did not find different levels
of activation in these regions as a function of sleep (al-
though fusiform connectivity was enhanced in our sleep
group).

The differences between the two studies likely de-
rive from the difference in delay intervals (12 hours vs.
6 months) and the use of sleep deprivation as a control
condition in the study of Sterpenich et al. (2009), which
via marked elevations in stress hormones and nonspe-
cific stress effects can influence all phases of memory
processing, including consolidation (Diamond et al.,
2006; Payne, Nadel, Britton, & Jacobs, 2004) and retrieval
(de Quervain, Roozendaal, Nitsch, McGaugh, & Hock,
2000). Elevated stress hormones may also be responsible
for differences between the findings of Sterpenich et al.
(2009) and those from an earlier study (Sterpenich et al.,
2007), which tested the same subjects as the 2009 study
but after a shorter (3-day) delay. Sleep-based consolidation
effects did not become apparent until after the longer
(2009) delay, and we suspect this is because the shorter
delay (2007) results were affected by the sleep deprivation
manipulation in the wake group. Specifically, Sterpenich
et al. (2007) found stronger amygdala activity after wake—
the opposite of what is seen in Sterpenich et al. (2009) and
in the current study. One possibility is that the stress effects
of sleep deprivation intensified amygdala activation during
early consolidation processes (for a review, see Diamond
et al., 2006; Payne et al., 2004), in which case one would
have to wait longer for this to wash out before being able
to clearly see the benefit of sleep (as was seen after the
longer delay in the 2009 article). Indeed, these lasting effects
of stress are one reason we decided to use daytime wake-
fulness as a comparison group for sleep rather than sleep
deprivation as in the Sterpenich et al. (2007, 2009) studies.
Although both procedures have strengths and weaknesses,
we believe that the two procedures are complementary
and together make a strong case for neural reorganization
and consolidation during sleep.

In spite of these differences, the current study shares
important similarities with Sterpenich et al. (2009), high-
lighting the importance of limbic and VMPFC regions for
successful emotional memory retrieval after a delay that
contains sleep. In addition, our results emphasize that
many of the limbic changes after long delays in the study
of Sterpenich et al. (6 months) can emerge after a single
night of sleep, suggesting that the neural plasticity evoked
by sleep may be relatively fast acting and long lasting.
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These two neuroimaging studies, along with the mount-
ing behavioral evidence indicating an important role for
sleep in emotional memory retrieval (Payne, Stickgold,
et al., 2008; Hu et al., 2006; Wagner et al., 2001), suggest
that interactions among neural regions involved in mem-
ory and emotion are critical for remembering biologically
and socially significant information and that sleep plays an
essential role in committing this information to long-term
memory.

Alternative Explanations for the Present Findings

At present, there are several major theories offering expla-
nations for how sleep influences memory consolidation.
First, it has been suggested that sleep does not confer an
active benefit to memory but rather (a) provides a passive
and temporary shield against interfering stimulation be-
cause sleep is a time of reduced sensory input (Wixted,
2004) or (b) apparent sleep-dependent benefits to mem-
ory can be explained by time of day differences in training
and testing in the sleep and wake groups. To examine
interference and circadian influences on memory, we have
conducted three experiments using the current paradigm.
We demonstrated that the benefit of sleep on emotional
object memory seen here (1) is preserved after a 24-hour
delay, but only when sleep directly follows encoding of
the emotional scenes (Payne et al., submitted), (2) remains
after a delay of several months (see also Wagner et al.,
2000), and (3) that emotional objects are better remem-
bered after a 90-min nap than two wake control conditions
of equal or shorter length (Payne et al., submitted). This
carefully controlled nap study compared a nap condition
(90-min nap opportunity) with two interference and cir-
cadian control conditions. Participants in the first control
condition encoded the images at noon with the nap par-
ticipants but were tested 90 min earlier than nap partici-
pants (i.e., at 5:00 p.m. instead of 6:30 p.m.). Participants
in the second control condition arrived 90 min later than
the nap participants (i.e., at 1:30 p.m. instead of noon)
but were tested at the same time as the nap participants
(at 6:30 p.m.). Note that this is a very conservative test of
sleep-based memory consolidation because participants in
the nap group had a longer retention interval (6.5 hours)
than participants in either of the control groups (5 hours).
Yet participants in the nap group recognized more emo-
tional items than participants in either control group, and
performance in the nap group correlated with a specific
sleep stage—slow-wave sleep.

Although it remains possible that interference or circa-
dian effects might explain the neural differences observed
between the sleep and the wake groups in the current
study, it seems unlikely given the above behavioral results
and the convergence in regions of activation observed in
our study and in the study by Sterpenich et al. (2009). As
mentioned, a drawback of the Sterpenich et al. study is
the use of a sleep-deprived control group. However, an im-
portant benefit of using the sleep deprivation procedure
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is that it controls for interference and circadian effects. To-
gether, the two sets of findings limit concerns about inter-
ference and circadian interpretations (see also Ellenbogen
et al., 2006). Nonetheless, we acknowledge that it is impos-
sible to fully rule out circadian differences between wake
and sleep groups in our design. Optimal time of day for
encoding could differ from the optimal time of day for re-
trieval, which makes it difficult to control for circadian ef-
fects at both time points while also manipulating nocturnal
sleep unless the potential confound of sleep deprivation is
introduced. We have used nap designs to eliminate this
confound in our behavioral studies, and future neuroimag-
ing studies should do the same (although there may be
important differences between daytime napping and noc-
turnal sleep). We believe that the clearest advances will be
made by finding corroborating evidence in studies using
sleep deprivation, studies using carefully controlled nap
designs, and studies using sleeping versus waking delays
as we have done here.

A second theory argues that learning results in a net
increase in synaptic strength in neural circuits involved in
learning that is not energetically sustainable. By this ac-
count, the role of sleep is to “downscale” synaptic strength
to a baseline level, allowing only the strongest of synapses,
and thus memories, to survive (thus making them appear
preserved or enhanced by sleep). This position is incon-
sistent with the current data, however, because it is unclear
how it could account for the different neural regions acti-
vated after sleep and wake. Moreover, it is unclear how it
can reconcile the activation differences observed in our
sleep group with those we observed during successful en-
coding of the same negative objects (Waring & Kensinger,
submitted; that is, superior frontal gyrus, inferior and mid-
dle temporal gyrus, fusiform gyrus, and a region of the
amygdala centered at different coordinates than those seen
here).

A third theory suggests that sleep provides ideal condi-
tions for systems consolidation, which involves communi-
cation and coordinated reactivation of the neural patterns
between hippocampal and neocortical areas, leading to
the gradual integration of memories within neocortical net-
works (Maquet, 2001; Stickgold, Hobson, Fosse, & Fosse,
2001; McClelland, McNaughton, & O’Reilly, 1995). Our re-
sults are consistent with this theory and suggest that the
beginnings of systems level consolidation can be observed
after a 12-hour delay, provided it contains sleep. This find-
ing is in line with several other studies examining the
influence of sleep on systems consolidation (Sterpenich
et al., 2009; Gais et al., 2007), with one study suggesting
that a mere 90 min of sleep is sufficient to trigger this
process (Takashima et al., 2006). Together, these neuro-
imaging studies make a strong argument for the unique
neurobiological milieu of sleep as a possible facilitator or
even triggering mechanism for systems consolidation and
reorganization.

This reorganization of memory traces across macro-
scopic brain systems or “transfer” as it is sometimes called
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occurs as memories become less dependent on the hip-
pocampus and are increasingly supported by neocortical
networks (Squire, 1992). Interestingly, memories may be
fundamentally altered as they undergo this type of re-
organization, perhaps leading to the qualitative changes
seen in the behavioral experiments noted earlier (Payne
etal., 2009; Payne, Stickgold, et al., 2008; Dumay & Gaskell,
2007; Gomez et al., 2006; Wagner et al., 2004). In each of
these studies, sleep appears to trigger a flexibility in mem-
ory that may be at times more advantageous than a literal
representation of experience.

Altogether, we believe that our results are best explained
by a consolidation account, where interactions between
the amygdala and other regions of the emotional memory
network during sleep act to improve memory for negative
objects over neutral ones.” It is worth noting that this in-
terpretation of our neuroimaging data fits well with studies
of sleep-based memory consolidation stemming from mo-
lecular, cellular, and electrophysiological levels of analysis
(e.g., Datta et al., 2008; for a review, see Payne, Ellenbogen,
et al., 2008; Payne, Stickgold, et al., 2008; Marshall &
Born, 2007; Rasch & Born, 2007; Stickgold, 2001, 2005;
Wilson, 2002; Maquet, 2001).

Being able to remember emotional information and
experiences is essential for an adaptive memory system.
Our memory likely evolved to help us recall negative ob-
jects, such as the appearance of a predator, rather than
other, more neutral, occurrences (Nairne, Thompson, &
Pandeirada, 2007). Accordingly, an enhancement of emo-
tional, relative to neutral, stimuli is well established (for a
review, see Payne et al., 2004). However, although much
is known about emotional memory encoding in humans,
the mechanisms supporting the consolidation and retrieval
of emotional memories, particularly over long delays, have
received less attention. Like other studies, our results pro-
vide evidence that activation of and interactions between
the hippocampus, amygdala, and pFC are important for
emotional memory retrieval (for a review, see Buchanan
et al., 2007). Moreover, they provide evidence that this
emotional memory retrieval network is more strongly acti-
vated and more strongly connected after a 12-hour period
containing nocturnal sleep than after 12 hours of daytime
wakefulness. Critically, sleep appears to refine and inten-
sify connectivity in this emotional memory network, most
likely as a function of consolidation processes occurring
during the delay interval.

In summary, the present study yielded three major find-
ings that contribute to an understanding of sleep-dependent
memory consolidation of emotional information. First,
we confirm that a period of nocturnal sleep (relative to
daytime wakefulness) preferentially consolidates memory
for negative relative to neutral objects (see also Payne,
Ellenbogen, et al., 2008; Payne, Stickgold, et al., 2008; Hu
et al., 2006; Wagner et al., 2001, 2006). Second, we demon-
strate that distinct patterns of brain activation are associated
with memory for negative relative to neutral objects depend-
ing on whether a 12-hour delay interval contained sleep

or wake. This divergence suggests that the qualitative
changes seen in memory after nocturnal sleep versus day-
time wakefulness in behavioral studies are mirrored by
changes in the brain. Third, we demonstrate that inter-
actions between critical affective and mnemonic structures
are modulated by whether the postencoding brain state is
one of wakefulness or sleep. Together, these findings sug-
gest that sleep profoundly influences the consolidation of
emotional memories by modifying the neural architecture
used for later retrieval.
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Notes

1. The critical findings from the SEM analyses—that connectiv-
ity was increased between the amygdala and the hippocampus
and between the amygdala and the VMPFC after sleep—were also
revealed in a model that did not include the fusiform gyrus. Here
we report the data from the model including the fusiform gyrus
because it better captures the set of regions engaged for this type
of emotional object processing.

2. To examine whether the differences noted here could reflect
greater amygdala engagement in the morning than in the even-
ing, we examined limbic activity across time of day in several
studies conducted in our laboratory. We found no evidence that
activity varied as a function of circadian time (all ps > .25). We
also found no evidence that the effects of sleep could simply re-
flect retrieval of stronger memory traces: When we performed a
median split of the wake participants on the basis of their recog-
nition performance for the negative items, we found that connec-
tions from the vmPFC to the amygdala, from the fusiform to the
hippocampus, and from the hippocampus to the fusiform were
significantly stronger in the wake participants with the poorest
memory. This pattern is opposite of what would be expected if
the strengthened connectivity after sleep were due to solely to
the strengthened memory trace.
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