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Abstract

After information is encoded into memory, it undergoes an offline period of consolidation that
occurs optimally during sleep. The consolidation process not only solidifies memories, but also
selectively preserves aspects of experience that are emotionally salient and relevant for future use.
Here, we provide evidence that an afternoon nap is sufficient to trigger preferential memory for
emotional information contained in complex scenes. Selective memory for negative emotional
information was enhanced after a nap compared to wakefulness in two control conditions designed
to carefully address interference and time-of-day confounds. Although prior evidence has
connected negative emotional memory formation to rapid eye movement (REM) sleep physiology,
we found that non-REM delta activity and the amount of slow wave sleep (SWS) in the nap were
robustly related to the selective consolidation of negative information. These findings suggest that
the mechanisms underlying memory consolidation benefits associated with napping and nighttime
sleep are not always the same. Finally, we provide preliminary evidence that the magnitude of the
emotional memory benefit conferred by sleep is equivalent following a nap and a full night of
sleep, suggesting that selective emotional remembering can be economically achieved by taking a
nap.
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Not all events are remembered with equal probability. Although there are several forms of
selectivity in memory, one form is determined by the emotionality of stimuli (see Payne &
Kensinger, 2010; Walker, 2009 for review). Emotional events often are more likely to be
remembered than neutral ones, because of processes that unfold during both the initial
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encoding of the event and its subsequent consolidation (see Hamann, 2001 for review).
Emotional events, however, are not stored as complete replicas of the original experience.
Rather, central, emotional information is often remembered at the expense of background
detail. Such ‘trade-offs’” in memory are an established phenomenon in memory research
(Kensinger, 2009), and are seen in the real world as well. For example, the weapon-focus
effectinvolves vivid memory for an assailant’s weapon following an attack, but little
memory for relevant background details such as the face of one’s perpetrator (Stanny &
Johnson, 2000).

Although this memory selectivity was once attributed primarily to attentional factors at
encoding, recent evidence has demonstrated that such selectivity is not predicted simply by
the time spent looking at emotional scene elements (e.g., Steinmetz & Kensinger, 2013;
Riggs et al., 2011). Moreover, our prior research has demonstrated that the degree of
selectivity can vary as a function of delay interval (Payne, Chambers, & Kensinger, 2012b),
a pattern of results that is inconsistent with an isolated effect of emotion on encoding. Taken
together, this research suggests that memory selectivity requires the consideration of factors
that act beyond the initial encoding stage of memory, likely during its consolidation.

Sleep is thought to provide ideal conditions for memory consolidation, or the time-
dependent, off-line process that stabilizes memories after initial acquisition (Dudai, 2004;
McGaugh, 2000). Evidence from molecular and cellular, as well as behavioral and cognitive,
levels of analysis demonstrates that sleep benefits the consolidation of most types of
memory (Bendor & Wilson, 2012; Diekelmann & Born, 2010; Ellenbogen, Payne &
Stickgold, 2006; Payne, 2011a; Walker and Stickgold, 2004). This benefit is usually
observed quantitatively; procedural memories are enhanced by sleep relative to a period of
wakefulness (e.g. one gets faster and more accurate on a motor sequence task — Walker et
al., 2002), while declarative memories, though typically not enhanced, become more
resistant to deterioration (e.g. one forgets fewer word pair associates — Payne et al., 2012a).
To date, most studies of sleep and memory have used one-dimensional, un-nuanced
measures of memory performance (e.g. number of word-pairs corrected recalled) that
conceptualize memory as simply ‘more’ or ‘less’. Yet abundant evidence demonstrates that
memories can be qualitatively transformed over time (Moscovitch et al., 2005), and studies
have begun to suggest that sleep plays an important role in this process as well (Oudiette &
Paller, 2013; Payne, 2011a, b; Payne & Kensinger, 2010; Stickgold & Walker, 2013 for
review).

Although the majority of these studies have concerned nocturnal sleep, emerging evidence
suggests that a nap can be nearly as good as a night at stabilizing some forms of new
knowledge (Conte & Ficca, 2012 for review; Mednick et al., 2002, 2003; Schabus et al.,
2005). However, in spite of clear practical and theoretical importance, it remains unclear
whether naps are of sufficient length and quality and have the proper sleep stage properties
to trigger some of the more nuanced memory effects that underlie adaptive processing, such
as transformation and selectivity, especially in the emotional domain.

In a previous study (Payne et al., 2008), we demonstrated that a full night of sleep plays a
key role in the selective consolidation of negative emotional aspects of complex scenes.
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Participants studied scenes consisting of either negative (e.g. a snake) or neutral (e.g. a
chipmunk) objects on a neutral background (e.g. a forest). While a day spent awake led to
forgetting of emotional scenes in their entirety, with both objects and backgrounds
deteriorating at similar rates, a night of sleep selectively preserved negative objects, but not
their backgrounds, suggesting that these components undergo different post-encoding
processing during sleep. This finding suggests that negative scene memories evolve
differentially across time delays containing sleep and wakefulness, and that, rather than
preserving intact representations of scenes, sleep-based consolidation processes may further
“unbind” scenes to retain only their most emotionally salient, and perhaps adaptive,
elements (Payne & Kensigner, 2010).

However, we did not record sleep via polysomnography in our prior study (Payne et al.,
2008), and, in general, the underlying mechanisms of selective memory effects during sleep
remain unclear. Although the aspects of sleep that benefit memory selectivity are likely to
depend on the specific task used, evidence suggests that while slow-wave sleep (SWS) is
most essential for neutral episodic memory consolidation, and perhaps particularly for the
veridical details of neutral memories (Payne et al., 2009; Alger et al., 2012), REM sleep may
be more important for emotional memory consolidation and various types of memory
transformation and selectivity (Diekelmann & Born, 2010; Cai et al., 2009; Payne, 2011a,b;
Stickgold & Walker, 2013). Complementing the classification of sleep stages, spectral
analysis of the EEG provides a more quantitative measure of the amount of oscillatory
activity in different frequency ranges. Largely concurring with the sleep stage evidence,
delta activity (slow, synchronized activity between land 4Hz, which is the dominant rhythm
of SWS) is typically associated with neutral episodic memory consolidation, while theta
activity (faster, desynchronized activity between 4 and 7Hz) during REM sleep has been
associated with emotional memory consolidation (Diekelmann & Born, 2010 for review;
Nishida, Pearsall, Buckner, & Walker, 2009). In line with this reasoning, we recently showed
that the amount of REM sleep obtained overnight correlated positively with the selective
consolidation of central, negative objects in this task (Payne, Chambers & Kensinger,
2012b), a finding that coheres with previous evidence for a REM sleep-emotional memory
connection (see Payne & Kensinger, 2010 and Walker, 2009 for review), including a nap
study demonstrating that emotional memory performance was positively correlated with
both time spent in REM sleep and theta activity within REM sleep (Nishida, Pearsall,
Buckner, & Walker, 2009).

However a strict REM sleep/SWS dichotomy seems unlikely given several studies that
implicate REM sleep in neutral memory consolidation (e.g. Guerrien et al., 1989; Tilley &
Empson, 1978), including a nap study (Muto et al., 2005), and findings pointing to a role for
SWS (and SWS associated norepinephrine activity) in amygdala-dependent emotional
memory consolidation (Groch et al., 2011; see also Eschenko & Sara, 2008). Thus, in
addition to uncertainty about whether a daytime nap can go beyond memory stabilization to
produce more nuanced selectivity effects in emotional memory, it remains unclear whether
SWS might benefit emotional memory consolidation under some conditions. Here, we
aimed to shed light on these questions by asking whether an afternoon nap, containing both
SWS and REM sleep, would be sufficient to provoke selective consolidation effects in
emotional memory. For both theoretical and practical reasons, we were interested in whether
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a nap, which occurs at a different circadian phase than nocturnal sleep, would confer a
similar emotional selectivity benefit as more lengthy sleep at night, and whether this benefit
would depend on the same underlying (REM) sleep physiology (Payne, Chambers &
Kensinger, 2012b). As in these prior studies, we focused exclusively on negative emotional
memory in this experiment.

We predicted that an afternoon nap would be sufficient for the selective consolidation of
negative, emotional objects relative to two wake control conditions that were carefully
designed to control for time-of-day and interference effects. We also predicted that the sleep-
dependent modulation of the trade-off effect would be similar in magnitude to that observed
in our overnight study (Payne et al., 2012b). Further, following previous findings (Nishida et
al., 2009; Payne et al., 2012b), we predicted that this consolidation benefit would be related
to theta activity as well as the amount of REM sleep obtained in the nap. However, given
arguments that 1) SWS may be essential for the consolidation of specific memory for neutral
episodic details, but not for semantic generalities, within the declarative memory system (see
Payne, 2011a; Payne et al., 2009), and that 2) SWS plays a role in emotional memory
consolidation (e.g. Eschenko & Sara, 2008; Groch et al., 2011), we also predicted that delta
activity and SWS would benefit memory consolidation in this task.

and Experimental Design

Sixty students from Harvard University (18-26 years of age, M= 20.6 years) participated for
payment. They were native English speakers who had normal or corrected-to-normal vision,
screened to ensure they had no neurological, psychiatric, or sleep disorders and were not
taking medications affecting sleep architecture or the central nervous system. This screen
took place three days in advance of the study, at which time participants were asked to
formally agree to sleep at least 7 hours on each night leading up to their participation in
order to minimize sleep debt.

Participants were assigned to either a nap condition (n=24), or to one of two wake conditions
(n=18, in each). See Figure 1A for experimental timeline. Participants were randomly
assigned to the nap and the first wake control condition (Wake 1). Participants in both of
these groups were wired for PSG recording and then a coin was flipped to determine group
membership. We were unable to randomly assign participants to the second wake control
condition (Wake 2) for scheduling reasons; however, there were no performance differences
between the two wake groups (see Table 1), thus ameliorating concerns about time of day
preferences. All participants were asked about their prior night’s sleep (quantity and quality)
and given the Stanford Sleepiness Scale upon arrival in the lab (Hoddes et al., 1973).

One sleep participant was excluded due to an inauspiciously timed fire alarm in the building.
Two wake participants were also excluded, one for failure to comply with the prescreening
requirements and another due to a computer failure and subsequent loss of data, leaving a
total of 57 participants for analysis (Nap, n=23, 13 female; Wake, n=34, 16 female).
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Given concerns about interference and time-of-day confounds in sleep and memory research
(Wixted, 2004), we ensured that participants in each of the wake groups experienced the
same total time of active waking interference as the nap group (Figure 1A). Participants in
the nap group arrived for the encoding task at noon, were put to bed at 1pm (napping for 87
+ 30min on average, see Table 1), and performed the memory test at 6:30pm. To control for
time-of-day effects on memory encoding, participants in the first wake control condition
encoded the images at noon, at the same time as the nap participants; however, their memory
was tested 90min earlier than nap participants (i.e. at 5pm instead of 6:30pm, see Figure
1A), which ensured that subjects in both groups spent an equal amount of time awake (and
thus exposed to interference). To control for time-of-day effects on memory retrieval,
participants in the second wake control condition arrived 90min later than nap participants
(i.e. at 1:30pm instead of noon), but were tested at the same time as nap participants (at
6:30pm). Note that this design not only controls for interference effects as well as time-of-
day influences on both encoding and retrieval, but it is also a rather conservative test of
sleep-based memory consolidation given that nap participants experienced a longer memory
retention interval (6.5 hours) than participants in either of the control groups (5 hours, Figure
1A).

Scenes consisted of either a negative (e.g., a crashed car) or neutral object (e.g., an intact
car) on a plausible neutral background (e.g., a street). For each of 64 scenes (e.g., a car on a
street), we created eight different versions by placing each of two similar neutral objects
(e.g., two images of a car) and each of two related negative objects (e.g., two images of a
crashed car) on each of two neutral backgrounds (e.g., two images of a street). An additional
32 scenes served as ‘new’ items on a recognition memory test. See Figure 2A for sample
scenes. Objects and backgrounds were previously rated for valence and arousal using 7-point
scales (Kensinger, Garoff-Eaton, & Schacter, 2006). All negative objects had arousal ratings
of 5-7 (with high scores signifying an exciting or arousing image) and valence ratings lower
than 3 (with low scores signifying a negative image). All neutral items (objects and
backgrounds) were rated as non-arousing (arousal values lower than 4) and neutral (valence
ratings of 3-5).

During the (incidental) encoding session, participants viewed a set of 64 scenes (32 with a
neutral object and 32 with a negative object, all on neutral backgrounds) for 5sec each, and
then indicated on a 7-point scale whether they would approach or move away from the scene
if they encountered it in real life. This task was used to maximize attention to the scene and
promote deep encoding. The studied version of each scene (of the eight possible versions)
was counterbalanced across participants.

Immediately after viewing the scenes, Nap participants were put to bed, while Wake
participants watched a low-arousing, black-and-white movie. Participants in all conditions
remained in the laboratory performing similar controlled activities until their memory for the
scenes was tested in a recognition memory task (Figure 1A).
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In the self-paced recognition task, participants viewed objects and backgrounds, presented
separately and one at a time. This memory test used a combination of items that were either
identical (i.e. the same objects and backgrounds seen at encoding) or, alternatively, similar
but non-identical (e.g. a picture of a snake similarto the snake seen at encoding) to studied
items, which allowed us to examine the role of napping in memory specificity. Participants
either saw the identical or similar version of a particular item at test, never both, and were
asked to indicate whether each item was the “same” to the one seen previously, “similar”
(but not identical) to the one seen previously, or entirely “new” (neither similar nor identical
to a previously viewed item). Items included on the recognition test were: 32 identical
objects, 32 similarobjects, and 32 new objects (16 negative and 16 neutral, each), as well as
32 jdentical backgrounds, 32 similarbackgrounds (16 previously shown with a negative item
and 16 with a neutral item, each), and 32 new backgrounds.

Memory Analysis

Because we were interested in the specificity of memory following the nap vs. wake
consolidation intervals, we assessed both corrected specific and corrected general
recognition memory for all items (hits minus false alarms). Consistent with prior studies, the
more conservative specific recognition score (/.€., a “same” response to an identical item,
divided by the total number of identical items) was computed to capture veridical memory
for the details of the studied object or background (Kensinger et al., 2006, 2007; Payne et
al., 2008; Waring, Payne, Schacter & Kensinger, 2010). The less conservative general
recognition score, on the other hand, was computed by summing the proportion of “same”
and “similar” responses to identical items (Kensinger et al., 2006, 2007). This score is
considered to reflect memory for at least some aspects of the studied item (Kensinger et al.,
2006, 2007; Payne et al., 2008); that is, for /identical items given either a “same” or “similar”
response, participants had to remember at least that a particular type of object or background
had been studied (e.g., that they had seen a crashed car or a street scene), because otherwise
they would have instead indicated that the item was “new”. Thus, the general recognition
score reflects a participant’s tendency to remember at least the gist of the items (with or
without specific detail). The specific and general recognition memory scores were computed
separately for negative and neutral objects, as well as for the neutral backgrounds on which
they were placed.

Polysomnography Recordings

Polysomnographic (PSG) sleep recording was performed in accordance with standardized
techniques, using digital electroencephalographic (EEG), electrooculographic (EOG), and
electromyographic (EMG) signals acquired with an Embla A10 digital recording system
(200Hz sampling rate). The recording montage included frontal (F1, F2) and central (C3,
C4) electrodes, with each electrode referenced to the contralateral mastoid. Each 30sec
epoch of sleep was scored blind to participants’ behavioral task performance according to
the standards of Rechtschaffen and Kales (1968). The PSG recording was scored visually as
NREM stages 1-4, REM sleep, or wakefulness. Slow-wave sleep (SWS) was calculated by
combining NREM stages 3 and 4. Next, EEG data were filtered at 0.3-35Hz (with a 60Hz
notch filter), and artifacts were visually identified and removed. Spectral analysis was then
applied to all artifact-free epochs of NREM and REM sleep during the nap. Fast Fourier
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transforms were carried out in BrainVision Analyzer 2.0 to calculate mean absolute power
spectral density (UW2/Hz) in the slow oscillation (0.5-1Hz), delta (1-4Hz), theta (4-7Hz),
and sigma (12-15Hz) frequency bands. Sleep spindle counts were obtained by filtering all
artifact-free epochs of Stage 2 sleep and SWS at 12-15Hz and then applying the established
automatic detection algorithm of Ferrarelli et al. (2007) using MATLAB 8.0 (The
MathWorks; Natick, Massachusetts). Total number of spindles and spindle density (spindles/
total analyzed time in S2 and SWS) were calculated for each scalp electrode.

We assessed all data for potential outliers prior to conducting comparisons according to the
outlier labeling calculations detailed in Hoaglin et al., (1986). Because performance in the
two wake control conditions did not significantly differ on any memory measure (all p’s > .
1, see Table 1), they were collapsed into a single “‘wake’ group in the following analyses.
Participants in the nap and wake groups were similarly well rested when they arrived in the
laboratory, as the sleep log data revealed no significant differences between groups in total
sleep time the night before the study (7.8 hours on average in the nap group vs. 7.9 hours in
the wake group, ¢=.75, p= .46, 95% CI [-0.67, 0.31]), or in the time participants woke up
in the morning on the day of the study (¢=.77, p= .45, 95% CI [-0.95, 0.42]). Similarly,
there was no significant difference between groups in perceived sleep quality, with all
subjects reporting at least average quality sleep on the night prior to the experiment (likely
due to the fact that all subjects agreed to sleep for at least 7hr on the three nights leading up
to the experiment during screening). There was also no difference between groups in
perceived sleepiness levels prior to the experiment (t = .16, p= .87, 95% CI [-0.41, 0.35]),
as determined via the Stanford Sleepiness Scale (Hoddes et al., 1973).

Memory performance, however, differed considerably between the nap and wake conditions.
A condition (nap, wake) x scene component (object, background) x valence (negative,
neutral) mixed ANOVA on general recognition, with scene component and valence as
repeated measures variables, revealed a main effect of scene component, A1,55) = 85.37, p
<.001, T]p2 = .61, whereby objects (M = .82 + .01) were remembered better than
backgrounds (M = .67 +.02). This was qualified by a 2-way interaction between scene
component and valence, A1,55) = 88.70, p< .001, npz = .62, which reflects the expected
trade-off effect (Kensinger et al., 2007; Payne & Kensinger, 2010; Waring, Payne, Schacter,
& Kensinger, 2010); paired t-tests confirmed that negative objects (M=.89 + .01) were well
remembered at the expense of their associated neutral backgrounds (M=.60 £ .03), ¢=11.5,
p<.001, 95% CI [0.23, 0.33], whereas neutral objects (M= .75 +.02) and their associated
backgrounds were remembered equivalently (M= .73 = .03), p> .15. Most importantly,
however, there was a significant 3-way interaction among the factors demonstrating that the
trade-off effect was enhanced by the nap, A1,55) = 4.5, p=.039, npz =.075 (see Figure
2B). As predicted, participants in the nap group remembered negative objects (M= .92 £ .
02) better than those in the wake group (M= .87 £ .02), A1,56) = 5.0, p=.029, 95% ClI
[0.01, 0.10]. However, there was no group difference for neutral object memory, A1,56) =.
13, p=.71 or memory for backgrounds, regardless of whether they were paired with
negative or neutral objects at encoding (/s < 1.1, ps > .30). Thus, the selective memory
benefit for emotional information observed following a full night of sleep (Payne et al.,
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2008) was also observed following a daytime nap. A similar pattern of results emerged in
analyses of specific recognition memory (see Table 2), where a main effect of scene
component A1,55) = 87.2, p<.001, npz = .61, and a scene component by valence
interaction, A1,55) = 121.5, p<.001, npz = .69 further interacted with condition (3-way
interaction, A1,55) = 4.3, p=.043, 1,2 = .07).

It is interesting to note that the magnitude of the selective emotional memory effect in the
nap group is very similar to that observed in our prior overnight study (Figures 1B and 3).
We calculated the magnitude of the trade-off effect by subtracting emotional objects from
their backgrounds in the nap group from the present study and in the overnight sleep group
from Payne et al (2012b). The magnitude of the trade-off effect in the nap group (M= .33)
was not significantly different from the magnitude of the trade-off effect in the overnight
sleep group (M= .27), A1, 49) = 1.3, p= .26, suggesting that a nap may be as good as a
night for producing a selective memory benefit for emotional components of scenes (see
Figure 3).

EEG Spectral Power and Sleep Stage Parameters in Relation to Memory Performance

Given our predictions and the prior literature (e.g. Groch et al., 2011; Nishida et al., 2009),
we focused a priori on measures of REM sleep and SWS in our correlational analyses
exploring relationships between sleep parameters and memory performance.

A summary of sleep measures is provided in Table 3. One nap participant’s sleep data failed
to record, leaving 22 subjects for analysis. Sixteen of these subjects obtained REM sleep.
Although we anticipated that REM sleep physiology would play a key role in the selective
retention of emotional aspects of scene memories (/.e., emotional objects), we did not find
evidence for this. There was no relationship between recognition of emotional objects and
theta power in REM sleep averaged across electrode sites (general recognition, /(16)=.33,
p=.22; specific recognition, /(16)=.17, p=.52). Similarly, neither the amount of REM sleep,
nor the percentage of REM sleep, in the nap correlated with general or specific memory for
emotional objects (all ps > .50). Theta activity and REM sleep also did not correlate
significantly with any of the other memory measures.

Although there is a substantial literature pointing to a beneficial effect of slow-wave sleep
(SWS) physiology on neutral episodic memory consolidation (Marshall & Born, 2007),
recent studies suggest that SWS may also play a role in emotional memory consolidation
(Eschenko & Sara, 2008; Groch et al., 2011). In line with these studies, we found that
general recognition of emotional objects was associated with spectral power in the delta
frequency band when averaged across all electrode sites, /(22) = .46, p< .05 (Figure 4B). To
rule out the possibility that this correlation was driven by activity at a single electrode site,
we confirmed that strong correlations emerged between absolute delta activity and general
emotional object memory at both C3, /(22)=.51, p<.01 and C4, n(22) = .52, p< .01 (Figure
4A). Similarly, delta power in the frontal electrode sites (F3 and F4) was positively
correlated with general recognition of emotional objects, although these correlations did not
reach significance, /(22) = .33, p= .14, and n(22) = .39, p= .07, respectively. To rule out a
generally beneficial effect of delta power on memory, we confirmed that power in the delta
frequency band was not correlated with any other measure of memory, either when
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averaging across electrodes, or when examining individual electrodes separately. Similarly,
sigma power, total sleep spindles, spindle density, and slow oscillation activity were not
significantly related to any measure of memory, whether specific or general.

In agreement with the spectral analyses, general recognition of emotional objects was
positively correlated with the percentage of the nap spent in SWS (SWS percent), 1(22) =.
52, p=.01, and with overall time spent in SWS, 122) = .43, p< .05 (Figure 4c and 4d).
Correlations between specific recognition of emotional objects and SWS did not quite reach
significance (SWS%, 122) = .41, p=.06; SWS, 122) = .40, p=.06). Together, these
findings suggest that the ability to selectively remember emotional information following a
daytime nap is likely related to delta activity in the nap and not to activity in the other
frequency bands, including the theta band, and to time spent in SWS as opposed to REM
sleep.

It is also worth noting that SWS correlated positively with specific memory for neutral
items. For example, SWS percent was significantly correlated with specific memory for
neutral objects, /(22) = .54, p< .01 (/(22) = .39, p= .07 for specific memory for neutral
backgrounds). The pattern was similar for overall time spent in SWS, although these
correlations did not reach significance, /(22) = .36, p= .10 for neutral objects and 122) =.
33, p= .14 for neutral backgrounds. These exploratory findings are of interest because while
it has been argued that specific, detailed episodic memories for neutral stimuli may be
related to slow-wave sleep in a way that more general neutral memories are not (e.g. Payne
etal., 2009, Payne, 2011a for review), direct evidence for such a notion has been lacking.
That SWS may be key for neutral memory specificity is further supported by the fact that
SWS was unrelated to general memory for neutral objects (SWS percent, 1(22) = .22, p=.
32; SWS amount, /(22) = -.03, p=.90) and backgrounds (SWS percent, 122) = .02, p=.92;
SWS amount, 1(22) = .07, p=.77), and no other stage of sleep was related to specific
memory for neutral images.

Notably, SWS was the only sleep stage to correlate with any aspect of memory performance
in this study. Also, in support of the notion that sleep plays an active as opposed to passive
role in these selective consolidation effects, total sleep time did not correlate with any of the
memory measures (all p’s > .4). This suggests that the memory benefits are specific to SWS,
and are not simply a byproduct of protection from interference during sleep.

Discussion

To remember a complex experience in a precise and detailed manner, its features must be
bound together and maintained as an intact, unified representation in memory. However,
emerging evidence suggests that in addition to promoting such veridical representations, the
consolidation process can transform memories, allowing individual elements of experience
to be selectively enhanced or preserved at the expense of features deemed to be of less
importance (e.g. Payne, Swanberg, et al., 2008). Sleep has been shown to facilitate this
preferential processing of information (Oudiette & Paller, 2013; Stickgold & Walker, 2013),
especially when that information is emotionally salient (Payne & Kensinger, 2010).
However, in spite of growing theoretical and practical interest in napping (Ficca et al., 2010),

Emotion. Author manuscript; available in PMC 2018 March 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Payne et al.

Page 10

it is largely unknown whether such selective emotional consolidation can be achieved by
such a brief period of sleep.

Here we show that a daytime nap is sufficient for the selective consolidation of specifically
negative emotional components of scene memories. Relative to neutral scenes, the nap
preferentially preserved memory for the arousing central focus of emotional scenes while
leaving the neutral backgrounds completely unaffected. Such trade-off effects in memory are
well established (Kensinger, 2009; Payne et al., 2004 for review), but are typically described
in terms of attentional narrowing at encoding. Indeed, having a visually evocative “attention
magnet” in a scene can increase the likelihood that such trade-offs occur (Reisberg & Heuer,
2004). However, the current study adds support to the idea that details of emotional
experiences can also be influenced by post-encoding consolidation processes that occur
during sleep. Notably, we further show that this effect can be economically achieved during
a nap and that, although we acknowledge that the comparison was retrospective, the
magnitude of the trade-off effect appears comparable to that seen after a full night of sleep.
Comparable memory benefits for a nap and a full night of sleep have also been reported for a
procedural motor discrimination task (e.g. Mednick et al, 2002, 2003). A direct experimental
comparison would of course be necessary to confirm this finding, and a separate experiment
should confirm whether the findings reported here would also extend into the positive
emotional memory domain. Future studies would also benefit from the use of actigraphy in
the days, if not weeks, preceeding the experiment to control for sleep debt.

There is a growing consensus that the consolidation of hippocampus-dependent neutral
episodic memories is modulated by deep, slow-wave sleep (SWS) (Marshall & Born, 2007).
SWS is characterized by slow (delta 1-4Hz), high amplitude waves in the EEG. It is
associated with hippocampal sharp wave-ripple events (SPW-Rs), which are thought to
participate in reactivating recent patterns of neural activity (i.e. those representing a new
memory) and to lead to strengthening and stabilization of memory. The properties of the
brain during SWS support communication between hippocampal and neocortical memory
stores as memories undergo this process of consolidation (Buzsaki, 1989, 1996). Conversely,
emotionally salient information, especially when that information is negative, is thought to
mainly benefit from rapid eye movement (REM) sleep, a period of high activity in the
hippocampus and amygdala, brain regions cooperatively involved in emotional memory
benefits.

Although there has been a tendency to associate SWS and REM sleep with neutral
declarative and emotional memory consolidation, respectively (Plihal & Born, 1997; Wagner
et al., 2001; Marshall & Born, 2007; Nishida et al., 2009), this strict separation seems
increasingly unlikely as literature emerges implicating REM sleep in neutral memory
consolidation (Muto et al., 2005) and SWS in emotional memory processing (Eschenko &
Sara, 2008; Groch et al., 2011). Much of what is considered emotional memory has both a
declarative, hippocampus-dependent component as well as memory of the emotional
reaction to the experience. Therefore, it makes sense that a state of facilitated
communication between the hippocampus and the neocortex (i.e. SWS) would benefit this
type of memory. In line with this, we have here reported evidence that SWS facilitates
selective consolidation of the negative emotional components of complex visual memories.
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While additional experimental work is needed, the current evidence adds to a growing
literature suggesting that SWS physiology, at least in some cases, plays a role in emotional
memory consolidation.

The current nap study found a different sleep stage-memory relationship than the positive
correlation between REM sleep and selective negative emotional memory consolidation that
we recently found, using the same task, across a night of sleep (Payne, Chambers &
Kensinger, 2012b). In that study, every subject obtained several cycles of both SWS and
REM sleep, while in the current nap study, only 16 of the nap subjects obtained REM sleep
at all. Moreover, given the brevity of the nap, subjects averaged only 15min in REM sleep,
compared to over 90min in our overnight study — perhaps not enough to allow this sleep
stage to make its typical contribution to memory performance. However, this logic does not
easily align with Nishida et al (2009), who found correlations between emotional memory
performance and several measures of REM sleep in a similar afternoon nap design in which
subjects got even less REM sleep (10min on average). The difference may lie in the type of
memory probed in the two experiments. Nishida et al. assessed participants’ memory for
intact negative and neutral images, rather than the more nuanced, selective memory for
negative emotional components of complex scenes examined in the current study. Therefore,
perhaps the contribution of SWS to this type of preferential processing was greater within
our naps. Indeed, it is possible that any type of selective remembering, even if non-
emotional, would produce the same SWS mechanisms in a nap.

While the main findings of this study are 1) that a daytime nap is sufficient to produce
selective emotional memory consolidation, and 2) that SWS appears to play a role in this
selective consolidation, it is worth noting that we also found evidence for a relationship
between SWS and neutral object memory. Even in the absence of a behavioral difference
between nap and wake groups in memory for neutral objects, withinthe nap group,
participants who obtained more SWS also had better neutral object memory. Although the
SWS-neutral declarative memory relationship has been observed many times (Marshall &
Born, 2007 for review), it typically concerns precise memory for specific episodic or spatial
details (Payne, 2011a). Indeed, it has been argued that specific memories for neutral events
may benefit from SWS in a way that more general neutral memories do not (e.g. Payne et
al., 2009, Payne, 2011a for review). The current findings provide preliminary support for
this idea. Specific memory for neutral foreground objects appeared to benefit from SWS in
the nap, while general memory for these objects was not. Another potential explanation for
this result is that SWS was involved in the consolidation of objects central to these scene
memories, regardless of their valence. This argument cannot be definitively ruled out.
However, if this were the case, one would expect to also see a strong relationship between
general memory for neutral objects and SWS, yet this was not the case. Moreover, in
addition to the positive correlation between SWS and specific memory for neutral objects,
there was a marginal positive correlation between SWS and memory for neutral
backgrounds. As such, this pattern provides preliminary support for the idea that SWS’s
contribution to the consolidation of neutral declarative memories is strongest for detailed,
veridical memory representations rather than general or “gist” memory representations
(Payne et al., 2009; Payne, 2011 for review).
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In this study we also addressed two arguments against the proposal that the effects of sleep
on memory are due to active processes (Wixted, 2004). One argument is that sleep provides
a temporary passive shield against interfering stimulation simply by reducing sensory input.
Another is that apparent sleep-dependent benefits are artifacts of time-of-day differences in
training and testing, which are unavoidable in comparing nocturnal sleep and daytime wake
groups. To address these concerns, we compared the nap condition to two different wake
control conditions. This design controlled for potential time-of-day effects, with all groups
trained and tested in the afternoon and early evening. Moreover, time of day influences on
the nap group’s performance were precisely equated at encoding, by training one of the
Wiake groups with the Nap group (Wakel), and at retrieval, by testing the other Wake group
with the Nap group (Wake2). However, while we pseudo randomly assigned subjects to
groups, with complete randomization in the nap and first wake groups, we cannot rule out
the possibility that there may have been uneven distribution of subjects who were considered
“morning” or “evening” types across groups, as we did not assess chronotype in this study.
Future studies would benefit from evenly assigning different chronotypes to all groups.”

Time spent awake, when memories would be subject to interference was also equated across
all three groups. In fact, this design is particularly conservative because the nap group
maintained the memories for the longest retention period (6.5hrs compared to 5hrs) and yet
still demonstrated significantly superior performance. Any concern that the extra 90min in
the retention interval for the nap group may have actually benefited emotional memory (i.e.
because some studies suggest that emotional memories grow stronger with the passage of
time, e.g. Kleinsmith & Kaplan, 1963) should be ameliorated by the fact that we previously
observed a benefit of sleep in our design comparing equivalent amounts of nocturnal sleep
and daytime wakefulness (Payne et al., 2008, 2012).

Equally important for ruling out potential time-of day and interference confounds, memory
performance in our study correlated with a specific sleep stage — SWS — and not total sleep
time, as well as with activity in the delta frequency band. Critically, then, it is likely to be
features of active sleep physiology, rather than passive time-of-day differences or
interference factors, that produced the superior memory seen for emotional items in the nap

group.

Our adaptive memory system hones in on the emotional facets of experience, preferentially
preserving them in memory so that we can appropriately respond to future emotional
situations. If memory functions to predict and prepare for the future as much as to recall the
past (Schacter, Addis, & Buckner, 2008), then selective emotional memory consolidation
makes good evolutionary sense (Nairne et al., 2007). Our findings provide evidence that
sleep-based consolidation processes, achieved in sleep as brief as a nap, are essential for
promoting the selective storage of emotional elements over less biologically relevant
information.

Conclusion

Although sleep is oftentimes undervalued and napping carries a stigma of laziness, the
present results add to a growing body of evidence suggesting that even a short daytime nap
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is powerful enough to produce marked memory advantages. Importantly, the present results
demonstrate that these benefits can be selective for emotionally salient and adaptive
information; even over the brief sleep period, memory consolidation processes are not
indiscriminate. Interestingly, the type of sleep found to enhance the salient components of
memory, SWS, differs from that previously found during overnight sleep. Future studies are
needed to determine if there is a fundamental difference in daytime and overnight sleep,
perhaps with neurochemical and hormonal levels in combination with sleep stages, that
could lead to similar mnemonic effects of sleep over a nap and across a night but to different
sleep-stage correlates for those behavioral effects.
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A. Experimental design for the Nap group and two Wake control groups (Wakel and

Wake2). B. Experimental design of our prior overnight study, for purposes of comparison.
Note different time scale.
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A. Sample Stimuli. Sample stimuli with a neutral background and either a neutral object

(intact car) or negative object (crashed car) in the foreground. B. A nap selectively benefits
memory for emotional components of scenes. This figure depicts mean general recognition
memory for objects and backgrounds in the nap and combined wake groups. Separate graphs
show results for negative scenes (left), and neutral scenes (right). The arrow highlights the
benefit conferred selectively to negative objects following the nap compared to wakefulness.
Note, however, that no such differences emerge for the backgrounds on which these negative
objects are embedded, or for either component (objects or backgrounds) of neutral scenes.
Significant differences are denoted by asterisks, *p<.05
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Mean recognition memory for emotional objects and paired neutral backgrounds in the
overnight sleep group from Payne et al (2012b) compared to the daytime nap group from the
current study. Dashed arrows denote the magnitude of the trade-off effect, which is
statistically equivalent between groups.
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Nap

Wake (Combined)

Nap

Wake (Combined)

Emotional

Objects  Backgrounds

Mean 71 34
SEM 3 3
Mean 68 41
SEM 3 4
Neutral
Objects  Backgrounds
Mean 55 55
SEM 3 3
Mean 54 52
SEM 3 3

Table 2

Page 21

Mean specific recognition memory (%) for objects and backgrounds in the nap and combined wake groups. The pattern of specific memory
performance is similar overall to that for general recognition memory. However, here participants in the nap group did not have significantly better
memory for negative emotional objects than participants in the wake group.
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Sleep Parameters

Table 3

Minutes (SEM) % of TST (SEM)

SL 14.45 (1.7)
TST 87.36 (6.5)
WASO 19.61 (4.6)
s1 12.57 (1.3)
S2 44,61 (4.0)
SWS (S3+54) 1452 (2.2)
REM 15.66 (2.8)

15.42 (1.6)
52.80 (3.2)
16.76 (2.6)
15.01 (2.6)

Page 22

Note. SL, latency to sleep onset (first epoch of sleep); TST, total sleep time; WASO, wake after sleep onset, S1-S2, Sleep stages 1 & 2, SWS, slow
wave sleep, REM, rapid eye movement sleep
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