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Ample evidence supports a role for sleep in the offline consolidation
of memory. However, circumstances exist where forgetting can be
as critical as remembering, both in daily life and clinically. Using
a directed forgetting paradigm, here, we investigate the impact of
explicit cue instruction during learning, prior to sleep, on
subsequent remembering and forgetting of memory, after sleep.
We demonstrate that sleep, relative to time awake, can selectively
ignore the facilitation of items previously cued to be forgotten, yet
preferentially enhance recall for items cued to be remembered;
indicative of specificity based on prior waking instruction.
Moreover, the success of this differential remember/forget effect
is strongly correlated with fast sleep spindles over the left superior
parietal cortex. Furthermore, electroencephalography source anal-
ysis of these spindles revealed a repeating loop of current density
between selective memory-related regions of the superior parietal,
medial temporal, and right prefrontal cortices. These findings move
beyond the classical notion of sleep universally strengthening
information. Instead, they suggest a model in which sleep may be
more ecologically attuned to instructions present during learning
while awake, supporting both remembering and targeted forgetting
of human memories.
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Introduction

A substantive literature now implicates non-rapid eye move-

ment (NREM) sleep, and its associated oscillations, in the

consolidation and hence later recall of declarative memory

(Molle et al. 2002; Schabus et al. 2004; Clemens et al. 2005;

Schmidt et al. 2006; Gais et al. 2007; Diekelmann and Born

2010). However, the capacity to forget can, in certain contexts,

be as important as the need for remembering, both in day-to-

day life (e.g., forgetting last week’s parking spot in preference

for today’s) and clinically (e.g., posttraumatic stress disorder

and addiction). Item forgetting has been shown to decrease

neural resources required for targeted remembering (Kuhl

et al. 2007) and is considered to reflect a potential weakening

or suppression of memory representations (Levy and Anderson

2002). As a consequence, forgetting has been proposed to

afford improved efficiency of subsequent recall under specific

conditions (Block 1971; Anderson et al. 2004; Levy and

Anderson 2008).

Contrary to the role of sleep in subsequent remembering,

earlier frameworks included speculation of a role for sleep in

promoting forgetting (Ekstrand 1972). Since the concept of

memory weakening (Crick and Mitchison 1983), the notion of

sleep differentially modulating remembering and forgetting has

remained increasingly relevant considering the hypothesized

adaptive potential benefit of forgetting (Anderson et al. 2004;

Kuhl et al. 2007). Investigations examining emotional memory

consolidation suggest that sleep may selectively treat some

aspects of episodic experiences with preference over others.

For example, a collection of reports have demonstrated that

offline periods of sleep not only result in superior retention

of emotional memories compared with neutral memories

(Wagner et al. 2001; Hu et al. 2006; Nishida et al. 2009) but

benefit specific emotional aspects of these episodic experi-

ences (Payne et al. 2008; Payne and Kensinger 2010), indicative

of discriminatory processing. Despite these long-standing

theoretical conceptions (Crick and Mitchison 1983), a role

for sleep in managing the offline balance between directed

memory retention and loss remains largely unknown.

Using a validated directed-forgetting task (Bjork 1998;

MacLeod 1999; Lee et al. 2007; Wylie et al. 2008; Hsieh et al.

2009; Nowicka et al. 2011), here, we investigate the impact of

explicit cue instruction during encoding, prior to sleep, on

differential offline remembering and forgetting of memory,

after sleep. In contrast to recent work evaluating the impact of

sleep on the resistance to forgetting (Ellenbogen et al. 2006;

Baran et al. 2010; Racsmany et al. 2010), we specifically tested

the hypothesis that, relative to equivalent time awake, sleep

selectively facilitates recall of words previously cued for

remembering, yet negates such facilitation of items instructed

to be forgotten. Moreover, motivated by the homology in

functional anatomy associated with sleep spindles (Schabus

et al. 2007) and those networks known to support selective

remembering and forgetting in specific frontoparietal regions

(Wylie et al. 2008; Nowicka et al. 2011), we additionally sought

to determine whether NREM spindle oscillations promoted

this differential directed forgetting memory effect.

Materials and Methods

Participants and Design
Forty-six healthy participants, age 18--30 years, were randomly assigned

to either the Nap (n = 23, 10 males, age 20.04 ± 2.08 [mean ± standard

deviation {SD}]) or the No-Nap (n = 23, 10 males, age 20.89 ± 3.07

[mean ± SD]) group. Participants abstained from caffeine and alcohol

for the 48 h before and during the entire course of the study and kept

a normal sleep-wake rhythm (7--9 h of sleep per night, with morning

wake time between 06:30 and 08:30) for the 2 nights prior to study

participation, as verified by sleep logs. Total sleep the night before

testing did not differ between the Nap and No-Nap groups (7.89 h ±
0.15, 7.65 h ± 0.20 [mean ± standard error of the mean {SEM}], res-

pectively, P = 0.34), and mean rise times also did not differ significantly

between groups (08:33 ± 6 min, 08:29 ± 5 min [mean ± SEM],

respectively, P = 0.48). The study was approved by the local human

studies committee, with all participants providing written informed

consent. Participants were assigned to either a Nap group (Fig. 1a) and

were given 100-min sleep opportunity from 14:30 to 16:10 or a No-Nap

group and were asked to remain in the laboratory throughout the

study, monitored by research personnel.
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Directed Forgetting Task
At 11:00, all participants, regardless of group assignment, were trained

on a directed forgetting task (Fig. 1a). Conforming to previous

paradigms (MacLeod 1999; Lee et al. 2007; Wylie et al. 2008; Nowicka

et al. 2011), participants studied 100 words presented one at a time on

a computer screen (gray background, black Courier New font, 50 point,

center screen) for 2000 ms, followed by a 500 ms blank gray screen,

after which a cue appeared instructing them to either remember (large

green ‘‘R’’) or forget (large red ‘‘F’’) the previously presented word

(both gray background, Courier New font, 150 point, center screen,

1000 ms; and for trial structure, see Fig. 1b). Based on literature

suggesting that postcue intervals may impact rehearsal strategies,

a short, restricted postcue duration (time between offset of cue and

onset of next trial) of 500 ms was used so as to circumvent rehearsal

influences (MacLeod 1999; Lee et al. 2007).

To ensure equivalent and robust encoding of both word types in both

experimental groups (Nap and No-Nap), an immediate recognition test

was performed following training at 11:15 (Fig. 1a) for half of the stimuli

(25 words cued to be forgotten, 25 words cued to be remembered).

Recognition testing, rather than free recall, was used for this immediate

test purpose to control item exposure across all participants during this

probe, prior to the wake or sleep experimental manipulation. This

immediate recognition test contained 100 trials, 50 of which contained

words seen during encoding (25 of each cue type), with an additional 50

novel words used as foils. Foils had the same psycholinguistic properties

as the original words (see Supplementary Information). During each

recognition trial, a word was presented on the screen for 1000 ms (gray

background, black Courier New font, 50 point, center screen). After this

presentation, the screen was cleared and participants were instructed to

make a corresponding ‘‘old/new’’ keypad judgment. The next trial did

not begin until a response was given. As with encoding, all words were

presented in a pseudorandomized order, preventing more than 4 words

of any one class from appearing successively. Recognition memory

accuracy was calculated as the subtracted difference between the

proportion of correctly identified ‘‘old’’ words (hit rate) and the

proportion of incorrectly identified ‘‘new’’ words (false alarm rate)

(Snodgrass and Corwin 1988; Hornberger et al. 2006; Uncapher and Rugg

2008; Vilberg and Rugg 2008).

Following the offline sleep/wake manipulation (details below), both

groups performed a 5-min computerized delayed free recall test at

17:15 (Fig. 1a). Participants were instructed to freely recall as many

words as they could from the initial learning (encoding) session,

regardless of the cue previously associated with that word. Participants

typed their entries one at a time on screen, and after pressing the

ENTER key, the answer was cleared and the next recalled word could

be entered.

Free recall responses were classified as ‘‘R-words’’ (recalled words

previously cued to be remembered), ‘‘F-words’’ (recalled words previ-

ously cued to be forgotten), ‘‘Foils’’ (recalled words previously pre-

sented as foils during the immediate recognition test), and ‘‘Intrusion’’

(recalled words never previously presented). Responses were also

standardized as percentages of total recall (R-words + F-words + Error).

This complementary way of evaluating recall success by standardizing

to total recall amount is especially important considering that tests

of free recall commonly lead to low word counts, including those of

directed forgetting experiments (MacLeod 1975, 1999; Bjork 1998; Lee

et al. 2007). An R--F difference measure, capturing the efficiency of the

directed forgetting effect, was calculated by subtracting the proportion

of F-words words recalled from the proportion of R-words words

recalled. This R--F difference measure afforded a standardized score

across participants, normalized to the number of recall attempts, similar

to the principle of signal-detection theory in traditional memory

paradigms (Snodgrass and Corwin 1988).

Sleep Recordings
Those participants in the Nap group were given a 100-min sleep

opportunity in the sleep laboratory from 14:30 to 16:10 (Fig. 1a), while

those in the No-Nap group remained awake in the laboratory

monitored by research personnel. During the sleep opportunity,

polysomnography sleep monitoring was recorded using a Grass

Technologies Comet XL system (Astro-Med, Inc.). Electroencephalog-

raphy (EEG) was recorded at 19 standard locations conforming to the

International 10--20 System (Jasper 1958), specifically (FP1, FP2, F7, F3,

FZ, F4, F8, T3, C3, CZ, C4, T4, T5, P3, PZ, P4, T6, O1, O2).

Electrooculography was recorded at the right and left outer canthi

(right superior; left inferior). Electromyography was recorded via 3

electrodes (one mental, 2 submental). Finally, electrocardiography was

recorded at 2 sites: below both the left and right clavicles. Reference

electrodes were placed at both the left and right mastoid (A1, A2). Data

were sampled first at 800 Hz by the amplifier and then digitized at

400 Hz. All data were stored unfiltered (recovered frequency range of

0.1--100 Hz), except for a 60-Hz notch filter. For recording only, each

channel was referenced to a forehead scalp reference. Sleep staging was

performed in accordance with standardized techniques (Rechtschaffen

and Kales 1968).

Sleep Spindle Analysis
Sleep spindles represent short synchronous bursts of activity between

12 and 15 Hz (Eschenko et al. 2006; Ferrarelli et al. 2007), having been

related to offline declarative memory processing (Schabus et al. 2004;

Clemens et al. 2005; Diekelmann and Born 2010). Furthermore, fast

sleep spindles, rather than slow, are selectively associated with activity

in the hippocampus, lateral and medial PFC, as well as posterior parietal

regions (Schabus et al. 2007).

Sleep spindles were detected through an established algorithm

(Ferrarelli et al. 2007; Nishida and Walker 2007). In short (but see

Ferrarelli et al. [2007] for details), the amplitude of the rectified signal

from NREM sleep was used as a unique time series, identifying

amplitude fluctuations exceeding threshold values, with the lower and

upper values set at 2 and 8 times the average amplitude. The peak

amplitude for each spindle was defined as the local maximum above the

threshold, with the beginning and end of the spindle defined as points

immediately preceding or following this peak, when the amplitude of

the time series dropped below the cutoff threshold. All EEG analyses

were performed in MATLAB 7.5 (The Mathworks), including the add-

in toolbox EEGLAB (http://sccn.ucsd.edu/eeglab/).

Prior to analysis, each EEG channel was rereferenced to the average

of the left and right mastoid, allowing for commonality of reference.

NREM epochs were extracted based on visual scoring. All NREM epochs

for each participant were concatenated into a single NREM time series.

Artifacts in the time series were removed by visual rejection. Following
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Figure 1. Study design. (a) Time course of experiment for both the No-Nap and Nap
groups, respectively, describing training, immediate test, and delayed test sessions.
The nap involved a 100-min sleep opportunity from 14:30 to 16:10 recorded using 19-
channel EEG polysomnography. (b) Schematic for the directed forgetting task,
demonstrating 2 representative trials. Words were presented in the center of the
screen for 2000 ms, followed by a fixation cross for 500 ms and then a large letter
cue indicating that participants should remember the prior word (R) or forget the prior
word (F). While these R and F cues are shown in black font in the schematic, they
were green and red, respectively, in the actual task.
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artifact rejection, EEG was band-pass filtered using a finite impulse

response function, set between 12 and 15 Hz (frequency range defined

by that used previously with the current algorithm [Ferrarelli et al.

2007] and commonly used for spindle detection [Eschenko et al.

2006]). The algorithm-determined spindles were restricted only to

those events falling within this frequency range. The spindles were

then classified as either fast (13.5--15 Hz) or slow (12--13.5 Hz). These

frequency splits were derived from a median split of the frequency

range of 12--15 Hz (Ferrarelli et al. 2007), similar to previous reports

(Knoblauch et al. 2003; Milner et al. 2006). Spindle density was

calculated for each channel by dividing the number of spindles (fast or

slow) by the total amount of NREM time (adjusted for artifact-rejected

signal), representing the number of spindles occurring per min in

a given channel.

sLORETA Source Analysis
Scalp EEG represents the synchronous activity of many different

neuronal sources. There is no one unique solution for the inverse

problem (identification of these sources given a distribution of scalp

EEG), and therefore, more than one solution and methodology exists

(Pascual-Marqui et al. 1999). One such solution, standardized low-

resolution tomography (Pascual-Marqui 2002), in which computations

are made using a head model based on the MNI152 template (Mazziotta

et al. 2001). Solution space is limited to cortical gray matter, making

sLORETA more precise than other methods of source localization

that are not anatomically constrained and is made up of 6239 voxels at

5-mm resolution (Pascual-Marqui 2002). While the anatomical pre-

cision of sLORETA and of all source analysis varies depending on EEG

the number of electrodes in the EEG montage (Laarne et al. 2000;

Ryynanen et al. 2006), numerous studies have validated the sLORETA

approach using montage arrays of similar resolution (Pascual-Marqui

et al. 1999; Isotani et al. 2001; Veiga et al. 2003; Bela et al. 2007;

Clemens et al. 2008, 2009; Tislerova et al. 2008; Ponomarev et al. 2010)

or lower (Ventouras et al. 2007).

Validation of the LORETA source has been described in a number of

combined EEG/functional magnetic resonance imaging (fMRI) reports,

demonstrated strongly convergent cortical LORETA localizations with

those identified by event-related fMRI cognitive task paradigms

(Vitacco et al. 2002; Mulert et al. 2004), together with the localization

of state-dependent changes in basic vigilance levels (Olbrich et al.

2008). Additional validation has been received from depth recordings

of epileptic patients, where sLORETA accurately tracks the source

localization of anatomically confirmed epileptic seizure foci (Zumsteg

et al. 2006).

Prior to source current-density calculation, all electrode channels

were registered and transformed into 3D Montreal Neurological

Institute space, yielding a spatial transformation matrix used to invert

the EEG signal according to the sLORETA solution. Continuous

unfiltered NREM EEG was marked for the onset of each fast spindle

in a specified channel (see Results). A 4-s epoch was selected around

the spindle event: 1000 ms prior to spindle onset and the 3000 ms

postonset. Baseline correction was performed on each epoch

(implemented with the EEGLAB function pop_rmbase), utilizing the

1000 ms prior to spindle onset, thereby correcting the remaining

3000 ms for baseline activity nonspecific to the sleep spindle event. The

1000 ms baseline period was not included in further analyses. EEG

epochs were averaged first within- and then between-participants,

yielding a single 4000 ms grand-averaged epoch. Finally, to remove

activity not related to sleep spindles, this grand-averaged EEG was

filtered to the spindle frequency range (12--15 Hz). Separate sLORETA

current density was calculated for each time point in the 3000 ms time

series independently. Current-density maps were then rendered on

uninflated cortical surfaces (Holmes et al. 1998).

Statistical Analysis
Statistical analyses were conducted in JMP 8.0 (SAS). All P values

reported are two-tailed. Immediate recognition performance was

submitted to paired and independent Student t-tests as appropriate

for within- and between-subject comparisons, respectively. Delayed

free recall data were analyzed first using a 2 3 3 mixed-level analysis

of variance with within-subject factor word type (3 levels: R-words,

F-words, Error) and between-subject factor group (2 levels: No-Nap,

Nap). The efficiency of directed forgetting, indexed by the R--F

difference measure, was compared between groups using an inde-

pendent Student t-test. The relationship between fast sleep spindles

and directed forgetting memory performance was investigated via

Pearson’s bivariate correlation. Significance values were corrected for

multiple comparisons (see Supplementary Information).

Results

Immediate Recognition

At immediate testing, when compared between groups,

memory accuracy ([hit rate - false alarm rate]) was identical

for both R-words (t44 = 1.37, P = 0.18) and F-words (t44 = 0.97,

P = 0.34). Within each group, performance was significantly

greater for R-words than for F-words (Nap: t22 = 9.43, P <

0.0001, No-Nap: t22 = 8.25, P < 0.0001). Furthermore, the

difference in memory accuracy between R-words and F-words

(R-F) was not significantly different between the 2 groups (t44 =
0.48, P = 0.63). These findings indicate that, prior to any sleep

or wake offline manipulation, 1) the level of encoding for each

word class was identical between the groups, 2) the task

successfully led to the presence of a significant directed

forgetting effect in both groups, and 3) the magnitude of this

directed forgetting manipulation was equivalent between

groups.

Delayed Free Recall

Free recall performance was collapsed across words that were

either included or not in the immediate recognition test, as

the exposure of a subset of items at this immediate test did

not unduly influence the response (for detailed analysis and

discussion of data separated on the basis of immediate rec-

ognition test exposure, see Supplementary Information, and

Supplementary Table S2).

Following the sleep or wake offline periods, both groups

recalled significantly more R-words than F-words (F2,43 = 58.06,

P < 0.0001; Fig. 2a). Additionally, there was a significant main

effect of group (F1,44 = 6.44, P = 0.015), with the Nap group

recalling more words in total than the No-Nap group. Critically,

this benefit of sleep was not due to equal improvement of both

word types. Specifically, there was a significant group by cue-

type recall interaction (F2,43 = 6.17, P = 0.004), such that those

in the Nap group, relative to the No-Nap group, showed

a preferential recall of R-words, yet this benefit occurred in the

absence of any such enhanced recall of F-words. Thus, sleep did

not ubiquitously facilitate all items. Instead, sleep provided

a superior recall advantage for words previously cued for

remembering but did so without concomitant enhancement of

items previously cued for forgetting, indicative of specificity

based on prior waking instruction. One alternative explanation

is that sleep-enhanced memory of the cue associations rather

than modulating the word items themselves allowing facilita-

tion of knowledge in the nap group of which items to recall.

This appears unlikely, however, since the Nap group, relative to

the No-Nap group, showed no converse decrease in recall for

items cued to-be-forgotten.

The effectiveness of directed forgetting on free recall was

further characterized as a proportional difference score.

Specifically, the number of F-words recalled was subtracted

from the number of R-words recalled (expressed as proportion

of total recall), yielding the R--F efficiency score. This difference
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measure further demonstrated significantly greater recall of

R- relative to F-words in the Nap relative to No-Nap group (t44 =
2.18, P = 0.03; Fig. 2b). Supplemental analyses further demon-

strated that this effect between groups was not dependent

upon the reexposure of a subset of the words at immediate

recognition (Supplementary materials). Therefore, based on

instruction given during initial learning, and compared with

equivalent time awake, sleep was capable of more efficiently

managing the balance between differential later recall of items

cued for remembering relative to those cued for forgetting. A

series of supplemental analyses confirmed that these results

were not due to the influence of floor effects in F-word recall

(see Supplementary Information).

Sleep Physiology Association

We next sought to determine whether aspects of sleep

physiology within the Nap group were associated with the

observed selective enhancement to words cued to be remem-

bered and not to words cued to be forgotten. We focused a

priori on fast sleep spindles based on their associated func-

tional anatomy (Schabus et al. 2007; Walker 2009) converging

with that anatomy supporting directed forgetting (Wylie et al.

2008; Nowicka et al. 2011). As with recent work demonstrat-

ing local physiological beyond global sleep-stage associations

with memory (Huber et al. 2004; Marshall et al. 2006) (see

Supplementary Information), we found strong and significant

relationships between fast sleep spindles and the directed-

forgetting efficiency score (R-F difference) in multiple poste-

rior electrode sites (Fig. 3b). Correction for multiple compar-

isons revealed that P3, situated over the left superior parietal

lobe and commonly associated with episodic memory process-

ing (Uncapher and Wagner 2009), retained significance (Fig. 3c,

r = 0.66, P = 0.0006). Slow sleep spindles showed no such

significant associations (see Supplementary Information).

In addition to the predictive spindle relationship with the

R--F difference score, fast sleep spindles predicted recall of R-

words and F-words independently and in opposing directions.

Specifically, fast spindles 1) significantly and positively corre-

lated with the proportion of R-words recalled at a number of

posterior parietal sites, yet 2) negatively correlated with the

proportion of F-words recalled at a number of frontal sites,

although none of these correlations survive stringent correc-

tion for multiple comparisons (see Supplementary Informa-

tion). Therefore, while fast sleep spindles did differentially

predict the recall of R- and F-words independently, these

relationships were markedly less significant than that identified

for the R-F efficiency score, with only the latter surviving

correction for multiple comparisons. Such findings support

a framework whereby sleep spindles modulate the propor-

tional balance between remembering and forgetting (encapsu-

lated by the R-F efficiency score), more so than influencing

either of these word types independently.

sLORETA Source Analysis

Considering the hypothesized role of parietal-frontal networks,

combined with medial temporal lobe structures, in episodic

memory processing (Uncapher and Wagner 2009; Shimamura

2010), sLORETA source analysis was used to characterize

the neural sources of the identified P3 fast sleep spindles.

Since sleep spindles have no one peak, current source density

was calculated across the spindle time series (Fig. 3 and

Supplementary movie S1). This time course analysis revealed

a repeating loop of activity throughout a network in the supe-

rior parietal cortex, lateral prefrontal cortex as well as anterior

and posterior cingulate cortex (Fig. 3 and Supplementary

movie S1). This recursive pattern of regional source activity is

of note considering the congruent overlaps with networks

previously implicated in supporting selective remembering

and forgetting of memories (Wylie et al. 2008; Hauswald et al.

2010; Nowicka et al. 2011).

Discussion

A corpus of evidence implicates NREM sleep physiology in

the consolidation of episodic declarative memory, leading to

superior memory retention relative to equivalent time periods

awake (Marshall and Born 2007; Walker 2009; Diekelmann and

Born 2010). In previous study designs, participants are either

explicitly informed of a later retrieval test at the time of initial

encoding, thereby emphasizing a need for remembering (Gais

et al. 2002; Backhaus et al. 2008; Ellenbogen et al. 2009) or are

not made aware of the later postsleep test (Gais et al. 2006;

Wagner et al. 2006; Ellenbogen et al. 2007; Yoo et al. 2007;

Schabus et al. 2008; Tucker and Fishbein 2008). It has therefore

remained unclear whether selective cue instruction for re-

membering or forgetting at the time of initial learning, prior to

consolidation, has a significant impact on the degree of

subsequent successful recall, following offline time delays.

Furthermore, and related to theoretical proposals (Freud 1913;

Crick and Mitchison, 1983), an additionally untested hypothesis

is whether the offline consolidation trajectory of instructed

remembering and forgetting is modulated by the different brain

states of wake or sleep (or specific sleep-stage physiology).

Considering the proposed adaptive function of forgetting,

affording reduced competition among relevant representations

(Block 1971; MacLeod 1999; Anderson and Green 2001; Levy

and Anderson 2002; Anderson 2003), a role for sleep in the
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balanced dynamics of remembering and forgetting increases in

potential relevance.

Focusing on these questions, the current findings contribute

to a more nuanced understanding of sleep-dependent memory

processing, complementing but also moving beyond the

established notion of sleep universally strengthening informa-

tion (Marshall and Born 2007; Walker 2009; Diekelmann and

Born 2010). Our results suggest that sleep’s role in memory

processing can be, at least within the context of a directed

forgetting paradigm, differentially modulated by instructions

present at the time of initial learning. While both the Nap and

No-Nap groups expressed equivalent proportions of cued

remembering and forgetting at immediate testing, which also

indicated robust encoding of both these item types, the

subsequent offline periods of wake or sleep resulted in

significantly different recall rates for each item class. Specifi-

cally, sleep, relative to wake, preferentially facilitated one class

of cued items—those instructed to-be-remembered—without

Figure 3. Physiological data. Relationship between memory performance and sleep spindles: (a) topographic plot for fast sleep spindle density in the nap-group (color bar
indicates density [number of spindles/minute of NREM]), (b) correlation topographical plot demonstrating strength of relationship between fast sleep spindle density and R--F
score. Note spindle activity at the P3 (left parietal) electrode site showing the strongest relationship (color bar indicates r value), (c) scatter-plot and linear regression of the
relationship between fast sleep-spindle density at P3 and the R--F score across participants in the nap-group. sLORETA source analysis. (d-e) sLORETA source of fast sleep
spindles identified by onset in P3 (P3 spindle shown in upper left), demonstrating a propagation loop of current--density between frontal, medial-temporal, and parietal networks
across the spindle time series. Columns represent time points. Current source density plotted on (d) superior and (e) inferior cortical surfaces. Time in milliseconds is given below
each column, relative to the onset of the sleep spindle. Color bar represents the sLORETA dynamic current density across the time series. Dash arrows indicate the dominant
movement of current density in the reoccurring loop. A separate movie file of this same spindle source time series is provided in Supplementary movie S1, which offers a more
dynamic illustrates of this current source oscillation.
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facilitating another class of cued items—those instructed to-be-

forgotten. As a result, sleep served to more efficiently maximize

the directed-forgetting effect; a process conceptually similar to

an improved signal (R-words) to noise (F-words) retention

ratio. It is of note that these findings differ to previous reports

demonstrating a unidirectional benefit of sleep in the pre-

vention of forgetting over time, which did not involve or

examine the impact of instructional manipulation of encoding

prior to sleep (Ellenbogen et al. 2006; Baran et al. 2010;

Racsmany et al. 2010) nor assessed intentional forgetting rather

than attempted memory suppression (Fischer et al. 2010). In

contrast, the current study demonstrates a differential sensi-

tivity of the sleep-dependent consolidation process toward

intentional and adaptive forgetting and remembering (Ander-

son 2003), based on explicit prior waking instruction.

In addition to between-group differences in directed

forgetting, moving beyond sleep-stage associations (Fischer

et al. 2010), strong predictive relationships were identified

between the efficiency of the remember--forget effect and

fast sleep spindles in the Nap group, especially at electrode

P3 located over left superior parietal cortex. Consistent with

the hypothesis of sleep governing the bidirectional modulation

of each item class, we additionally found that fast spindles

separately and positively correlated with the proportion of

words cued for remembering at posterior parietal regions,

yet negatively correlated with words cued for forgetting at

several frontal locations. Although it is important to note that

these correlations for each word class alone did not survive

stringent correction for multiple comparisons, the inverse

nature of these relationships suggests that the correlation

identified with the R-F difference measure was not simply

driven by an exclusive association with R-words (or F-words)

alone.

These associations build on an increasing collection of

reports implicating sleep spindles in memory processing,

describing learning-dependent increases in spindles following

initial memory encoding (Gais et al. 2002; Eschenko et al. 2006;

Fogel and Smith 2006; Morin et al. 2008; Fogel et al. 2009),

as well as correlations (often topographic) with the success

of postsleep memory retention (Clemens et al. 2005, 2006;

Fogel and Smith 2006; Nishida and Walker 2007; Tamaki et al.

2008). Our findings further suggest that spindles can addition-

ally support the differential later recall of items cued for

remembering, yet do so without a concomitant facilitation of

items cued for forgetting, indicative of selectivity, rather than

indiscriminant facilitation.

Conceivably, such a process of specificity would require an

offline mechanism capable of supporting item selection, based

on prior cues and the subsequent preferential consolidation of

these selected representations. Properties of sleep spindles

appear well positioned to support such processing for a number

of potential reasons. First, neuroimaging studies have identified

inferior prefrontal, superior parietal, and medial temporal lobe

structures in promoting successful instructed remembering

over forgetting (Anderson et al. 2004; Kuhl et al. 2007; Wylie

et al. 2008; Hauswald et al. 2010; Nowicka et al. 2011); regions

that overlap with those associated with fMRI correlates of fast

sleep spindles (Schabus et al. 2007; Wylie et al. 2008). Second,

previous EEG studies further indicate strong spindle-dependent

coherence between homologous frontal and parietal networks

(Achermann and Borbély 1998; Anderer et al. 2001; Ventouras

et al. 2007; Gumenyuk et al. 2009). Third, surface spindles are

temporally linked with sharp-wave ripples occurring in the

hippocampus and surrounding rhinal cortex (Clemens et al.

2007; Marshall and Born 2007; Diekelmann and Born 2010), the

activity of which is proposed to play a role in dynamics of

hippocampal--neocortical memory processing (Molle et al.

2002; Schabus et al. 2004; Clemens et al. 2005; Schmidt et al.

2006; Gais et al. 2007; Diekelmann and Born 2010). Fourth,

source analyses of fast spindles in the current study revealed

a similar convergent network of recurrent activity in superior

parietal, temporal, and inferior frontal cortex. Based on this

evidence, such spindle activity may provide a putative anatom-

ical framework for selective item offline memory processing. In

such a model (Shimamura, in press), parietal cortex would

allow for the binding of top-down intentional information (e.g.,

selective cues) sourced from prefrontal cortex, with bottom-up

item memory information from medial temporal areas, in-

cluding hippocampus resulting in selective and discriminatory

item consolidation.

In summary, here, we demonstrate that sleep, relative to

time awake, can selectively enhance recall for words previously

cued for remembering, without such facilitation of items

instructed to be for gotten. Moreover, the efficiency of sleep in

differentially responding to cued remembering and forgetting

correlated with fast sleep spindles over left parietal cortex.

Furthermore, source analysis associated with these spindles

identified a network loop of current density between parietal,

medial-temporal, and prefrontal memory networks that may

support selective offline memory processing. More generally,

the concept of sleep differentially modulating memory based

on prior cue instructions may have implications clinically,

where the capacity for selective retention of certain infor-

mation, while forgoing maintenance of unwanted experiences,

represents a desirable target.
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